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General introducti on
Part of this chapter has been
submitt ed as an invited review
Jeroen R.P.M. Strati ng
Gerard J.M. Martens
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For most eukaryoti c cells, the secretory pathway is of vital importance and has a 
pivotal role in the synthesis, transport and secreti on of a large variety of bioacti ve 
molecules involved in intercellular communicati on. An ever-increasing number of 
disorders has been linked to mutati ons in genes encoding proteins associated with 
the secretory pathway [for an overview, see for example Aridor and Hannan (2000); 
Aridor and Hannan (2002); Howell et al. (2006)]. The functi oning of the secretory 
pathway depends on numerous transport and sorti ng steps and the machinery 
molecules involved in these steps. One of the key processes is transport in the early 
secretory pathway in which cargo proteins travel from the endoplasmic reti culum 
(ER) towards the Golgi and escaped ER-resident proteins are selecti vely retrieved. 
The p24 proteins, a family of ~24kDa type-I transmembrane proteins, play an 
important but ill-understood role in the bidirecti onal transport processes at the ER-
Golgi interface. The main focus of this thesis is to improve our understanding of the 
role of p24 proteins in protein biosynthesis. 
This introductory chapter covers a number of items that are of relevance for the 
work described in this thesis, namely an overview of the secretory pathway, a 
descripti on of what is known about p24 proteins, an introducti on to the Xenopus 
laevis intermediate pituitary melanotrope cells that are used as a model system, and 
for functi onal studies the technique of stable Xenopus transgenesis that is used to 
generate Xenopus transgenic for p24 proteins.
The secretory pathway
The secretory pathway provides the default exit route for secretory cargo proteins. 
In this thesis, “secretory cargo” refers to the biologically acti ve transmembrane and 
soluble proteins that are transported to the plasma membrane or secreted into the 
extracellular space. The proteins or lipids that are supplied to subcompartments 
of the secretory pathway to provide the proper microenvironments for eﬃ  cient 
and correct transport and processing of the secretory cargo are designated 
“machinery”. The secretory pathway consists of a number of disti nct membrane-
bounded subcompartments that have specialised functi ons in the process of protein 
biosynthesis (Palade, 1975). A schemati c representati on of the secretory pathway 
is given in Figure 1. Secretory cargo and machinery proteins enter the secretory 
pathway in the ER via the translocon complex [reviewed by Rapoport et al. (1996)]. In 
the ER, newly synthesised proteins acquire their proper conformati on and undergo 
initi al postt ranslati onal modifi cati ons, such as disulphide-bridge formati on and 
the att achment and initi al trimming of asparagine-linked glycogroups (also called 
N-glycans). Improperly folded proteins re-enter the folding cycle, but when folding 
eventually fails the not properly folded proteins are targeted to the ER-associated 
degradati on system for destructi on. An increased burden of unfolded proteins 
acti vates a signalling cascade known as the unfolded protein response (UPR). The UPR 
induces a number of events aimed at decreasing the amount of unfolded proteins. 
These events include an increased expression of folding chaperones, an att enuati on 
of translati on, the removal of parts of the ER containing aggregated unfolded proteins 
by autophagy, or -if the stress cannot be relieved- apoptosis [for review, see e.g. Ma 
and Hendershot (2004)].
Cargo exit from the ER is thought to occur at the ER exit sites (ERES) through selecti ve 
packaging of the properly folded newly synthesised proteins into COPII-coated 
transport vesicles (Barlowe et al., 1994; Aridor et al., 1995; Scales et al., 1997). 
Aft er budding from the ER, these vesicles shed their coat and fuse with or newly 
form large vesicular-tubular clusters (VTCs) (Bannykh et al., 1996), also known as 
the ER-Golgi intermediate compartment (ERGIC) (Schweizer et al., 1990), and travel 
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towards the Golgi along microtubules (Scales et al., 1997). Recently, however, an 
alternati ve model has been proposed for ER-to-Golgi transport that encompasses 
a bulk fl ow en bloc protrusion of cargo proteins from the ER to form VTCs. These 
carriers form immediately adjacent to the ERES and their formati on is dependent on 
COPII. Presumably, the COPII system recruits factors that facilitate the incorporati on 
of cargo into the bulk-fl ow carriers and supplies machinery proteins to these carriers 
(Mironov et al., 2003). Since it cannot be enti rely prevented that ER-resident proteins 
leave the ER together with cargo proteins, transport vesicles coated with another 
coat complex, COPI, ensure the recycling of escaped ER machinery (Letourneur et 
al., 1994).
The Golgi apparatus has initi ally been described by Camillo Golgi in 1898 and has been 
extensively studied ever since (Farquhar and Palade, 1998). The Golgi is composed of 
a stack of fl att ened cisternae that in vertebrates are laterally linked to form a ribbon-
shaped organelle. The Golgi has a key role in many post-translati onal processing steps 
of cargo molecules and is therefore equipped with a vast repertoire of enzymes, such 
as glycosylati on, sulphati on and phosphorylati on enzymes (Mogelsvang and Howell, 
2006). Secretory cargoes traverse the Golgi from the cis- to the trans-cisterna and 
exit the Golgi at the trans-Golgi network (TGN). For many years, intra-Golgi cargo 
transport in both the anterograde and the retrograde directi on was thought to be 
modulated by vesicles coated with the COPI vesicle coat coatomer (Orci et al., 1986; 
Orci et al., 1989; Waters et al., 1991; Orci et al., 1997). More recent observati ons 
support an alternati ve model (Bonfanti  et al., 1998; Mironov et al., 2001; Losev et 
al., 2006; Matsuura-Tokita et al., 2006) called cisternal maturati on or progression 
Figure 1. Schemati c overview of the secretory pathway
See text for a descripti on of various aspects concerning the secretory pathway. 
The bulk fl ow en bloc protrusion of secretory cargo from the ER is indicated 
with a dott ed circle. ER, Endoplasmic reti culum; ERES, ER exit sites; ERGIC, 
ER-Golgi intermediate compartment; TGN, trans-Golgi network; PM, plasma 
membrane; ELS, endosomal/lysosomal system.
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(Saraste and Kuismanen, 1984; Melkonian et al., 1991). This model describes how 
new cisternae are conti nuously formed at the cis-side of the Golgi. As such, the 
existi ng cisternae become more trans and eventually become the trans-most cisterna 
that dissolves into secretory vesicles [for review see Glick and Malhotra (1998)]. In 
this model, recycling of Golgi machinery has been proposed to take place via tubular 
connecti ons between cisternae (Trucco et al., 2004) or via subclasses of COPI-vesicles 
containing Golgi enzymes (Lanoix et al., 2001; Malsam et al., 2005). Aft er traversing 
the Golgi stack, cargo proteins are sorted at the TGN into vesicles targeted to the 
various post-Golgi desti nati ons, such as the endosomal/lysosomal system, the plasma 
membrane (PM) or the extracellular space (ECS) [see Bard and Malhotra (2006) for 
a recent review]. Two routes exist to transport cargo to the PM/ECS: the consti tuti ve 
secretory pathway, found in all secretory cells and conti nually delivering cargo, and 
the regulated secretory pathway, mostly found in highly specialised secretory cells 
(such as endocrine, neuronal and exocrine cells) and releasing cargo only upon a 
proper extracellular sti mulus [reviewed in Blazquez and Shennan (2000)].
Thus, the secretory pathway is a highly compartmentalised system of membrane-
bounded subcompartments with specialised functi ons in the maturati on and 
transport of cargo molecules. Obviously, maintaining the proper compositi on of 
each subcompartment is of vital importance for its functi oning and for the secretory 
pathway as a whole and the cell itself. As described above, the maintenance of the 
subcompartmental compositi on is ensured by selecti ve antero- and retrograde 
transport of machinery and cargo molecules. At the ER-Golgi interface, the family 
of p24 proteins is thought to play an important role in these selecti ve transport 
processes.
The family of p24 proteins
The p24 proteins consti tute a family of transmembrane proteins of ~24kDa that can 
be subdivided into four subfamilies (p24, -, - and -) (Dominguez et al., 1998). 
Among species the exact compositi on of the family varies and the subfamilies diﬀ er in 
the number of members. Animals and fungi have representati ves of each of the four 
subfamilies, whereas plants possess only members of the p24 and p24 subfamilies 
(Carney and Bowen, 2004). At present, eight p24 family members are known in yeast 
(Schimmöller et al., 1995; Belden and Barlowe, 1996; Marzioch et al., 1999), nine in 
Drosophila (Carney and Taylor, 2003; Bartoszewski et al., 2004; Boltz et al., 2007), 
eleven in Arabidopsis (Carney and Bowen, 2004), eight in Xenopus (Holthuis et al., 
1995b; Kuiper et al., 2000; Rött er et al., 2002) and nine in mammals (Wada et al., 
1991; Stamnes et al., 1995; Gayle et al., 1996; Sohn et al., 1996; Dominguez et al., 
1998). Despite a limited degree of sequence identi ty among the various p24 family 
members, the p24 proteins share a similar domain architecture: an N-terminal Golgi-
dynamics (GOLD) domain that harbours a presumed disulphide bridge (Anantharaman 
and Aravind, 2002), a predicted coiled-coil region, a membrane-spanning domain 
and a short cytoplasmic tail (13-20 residues) with several highly conserved moti fs 
for binding to the COPI and COPII vesicle coat complexes [reviewed by Emery et al. 
(1999)] (Figure 2).
Initi ally, p24 proteins were thought to build heterotetramic complexes with one 
member from each subfamily (Füllekrug et al., 1999; Marzioch et al., 1999). More 
recently, however, Jenne and colleagues (2002) have shown that p24 proteins 
occur mostly as monomers and dimers of various compositi ons, depending on their 
subcellular localisati on. The interacti ons between p24 proteins are modulated through 
the predicted coiled-coil region (Ciufo and Boyd, 2000), although other regions may 
be involved as well. For example, syntheti c pepti des corresponding to the tail of p23/
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p241 have the intrinsic property to oligomerise (Fligge et al., 2000; Weidler et al., 
2000), suggesti ng an involvement of the tails in oligomeric p24 behaviour. Oligomeric 
behaviour of p24 proteins is required for the majority of the known interacti ons, 
e.g. with -COP, GRASPs, Arf1-GDP and TC48 (Barr et al., 2001; Gommel et al., 2001; 
Béthune et al., 2006; Gupta and Swarup, 2006).
The p24 family members are abundantly present in COPI- and COPII-coated vesicles 
as well as in ER, ERGIC and cis-Golgi membranes, and they shutt le constantly 
between these subcompartments (Wada et al., 1991; Stamnes et al., 1995; Belden 
and Barlowe, 1996; Blum et al., 1996; Sohn et al., 1996; Nickel et al., 1997; Rojo et al., 
1997; Dominguez et al., 1998; Blum et al., 1999; Füllekrug et al., 1999; Gommel et al., 
1999; Emery et al., 2000). Shutt ling of p24 proteins heavily depends on interacti ons 
with other family members (Dominguez et al., 1998; Füllekrug et al., 1999; Emery et 
al., 2000). Interesti ngly, one study in pancreati c -cells has shown the localisati on of 
a porti on of the p23/p241 proteins to secretory granules (Hosaka et al., 2007). The 
biological meaning of this fi nding is however unclear.
The role of p24 proteins has been subject to much debate. Despite more than 
ten years of functi onal studies, the exact functi on of p24 proteins is sti ll elusive. 
The p24 proteins are primarily thought to act as cargo receptors for the specifi c 
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Figure 2. Schemati c of the structural organisati on of p24 proteins and the 
binding moti fs for COPI and COPII
A, The structure of p24 proteins includes a Golgi dynamics (GOLD) domain 
with a presumed disulphide bond, a putati ve coiled-coil region (CC), a 
transmembrane spanning domain (TM) and a cytoplasmic tail. B, The sequence 
of the cytoplasmic tail of Xenopus laevis p242 is taken as an example to 
illustrate the binding moti f for COPI (FFXXBBXn-moti f, see text) and for COPII 
(FF-moti f).
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incorporati on of secretory cargo molecules into transport vesicles (Stamnes et 
al., 1995). Indeed, the deleti on of one or more p24 proteins in yeast impairs the 
anterograde transport of some cargoes (Gas1p and invertase), but not of others 
(-factor, acid phosphatase, carboxypepti dase Y, alkaline phosphatase and Gap1p) 
(Schimmöller et al., 1995; Stamnes et al., 1995; Belden and Barlowe, 1996; Marzioch 
et al., 1999; Muñiz et al., 2000). Furthermore, the transport of the secretory cargo 
protein VSV-G in mammalian cells in culture was inhibited by injected anti bodies 
against the cytoplasmic tail of p23/p241 (Rojo et al., 1997). Further support for 
the cargo receptor model came from the fi nding that the aﬀ ected cargo Gas1p (but 
not the unaﬀ ected cargo Gap1p) could be crosslinked to p24 proteins (Muñiz et al., 
2000). Since Gas1p is a glycosylphosphati dylinositol (GPI)-anchored protein, it was 
suggested that p24 proteins are involved in the transport of GPI-anchored proteins. 
This idea is substanti ated by the fi ndings that in yeast Emp24p/p24 is involved in the 
ER exit of GPI-anchored proteins (Casti llon et al. 2008) and that in mammalian cells 
p23/p241 knock-down caused a delayed ER-to-Golgi transport of a GPI-anchored 
protein but not of a non-GPI protein (Takida et al. 2008).
Another functi on proposed for p24 proteins is in the organisati on of intracellular 
membranes. In mammalian cell lines, overexpression of p23/p241 or p24/p241 
induced expansion of ER membranes (Blum et al., 1999; Gommel et al., 1999; Rojo et 
al., 2000), knock-down of p25/p242 by siRNA caused fragmentati on of the Golgi to 
Golgi mini-stacks (Mitrovic et al., 2008) and cells from heterozygous p23/p241 knock-
out mice showed dilatati on of Golgi saccules (Denzel et al., 2000). Furthermore, p242 
was found in an in vitro assay to functi on in the generati on of ERES and the de novo 
formati on of VTCs (Lavoie et al., 1999), and to form highly specialised membrane 
microdomains (Emery et al., 2003). A further morphological role for p24 proteins 
has been reported in yeast, since the formati on of peroxisomes from ER membranes 
depended on Emp24p/p24 and Erp3p/p24 (Otzen et al., 2006). A role for p24 
proteins in the biogenesis of COPI-vesicles has been fi rmly established in mammalian 
systems and recently also confi rmed in yeast (Aguilera-Romero et al., 2008). First, the 
cytoplasmic tail of p23 allowed the in vitro budding of COPI-vesicles from liposomes 
with a Golgi-like lipid compositi on (Bremser et al., 1999). Second, p23/p241 and 
possibly p24/p241 act as primary receptors for Arf1-GDP, the small GTPase involved 
in COPI-vesicle formati on, on Golgi membranes (Gommel et al., 2001; Majoul et al., 
2001; Contreras et al., 2004). Third, p24 proteins bind the coatomer complex (Harter 
and Wieland, 1998; Béthune et al., 2006). Fourth, binding of p24 complexes to 
coatomer induces a conformati onal change in -COP that is subsequently transferred 
to -COP and leads to oligomerisati on of the coatomer complex (Reinhard et al., 
1999; Langer et al., 2008). Fift h, p24a/p241 binds ArfGAP1 and inhibits ArfGAP1-
mediated Arf1-GTP hydrolysis, thus preventi ng immature uncoati ng and allowing 
cargo selecti on to take place (Goldberg, 2000; Lanoix et al., 2001). 
Additi onal roles for p24 proteins have been suggested, namely determining the 
fi delity of transport and preventi ng ER exit of improperly folded proteins (Wen and 
Greenwald, 1999) and regulati ng the traﬃ  cking of the G-protein-coupled receptor 
PAR-2 (Luo et al., 2007). The binding of p24 proteins to chimaerins, a family of 
phorbol ester/diacylglycerol receptors (Wang and Kazanietz, 2002), and T1/ST2, a 
receptor-like molecule homologous to the type I interleukin receptor (Gayle et al., 
1996), may implicate that p24 proteins regulate the traﬃ  cking of these receptors 
as well. Furthermore, p24 proteins are present in presenilin complexes and alter 
-secretase, but not -secretase acti vity (Chen et al., 2006). In additi on, p24 proteins 
modulate the traﬃ  cking and metabolism of the amyloid- precursor protein APP, a 
protein related to Alzheimer’s disease (Vetrivel et al., 2007).
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Interesti ngly, yeast p24 proteins seem to be dispensable since a yeast knock-out 
that lacks all eight p24 proteins is viable and does not seem to have any severe 
defects in secreti on (Springer et al., 2000). Although it was known before that the 
deleti on of p24 genes in yeast acti vates the UPR (Belden and Barlowe, 2001a), it 
was only recently discovered that acti vati on of the UPR compensates the loss of the 
p24 system (Aguilera-Romero et al., 2008). In stark contrast to the fi ndings in yeast, 
homozygous p23/p241 knock-out mice die early in embryonic development (Denzel 
et al., 2000). 
Obviously, despite many functi onal studies on p24 proteins in a variety of in vitro as 
well as in vivo systems, the role of p24 in secretory cargo biosynthesis is sti ll obscure. 
In general, the outcome of a functi onal study is greatly infl uenced by the model 
system used. Therefore, a physiologically relevant professional secretory cell model, 
namely the Xenopus laevis intermediate pituitary melanotrope cells, was used for 
the functi onal studies described in this thesis.
The Xenopus laevis melanotrope cell model
The Xenopus melanotrope cells play a central role in the physiological process of 
background adaptati on. Visual input signals are transmitt ed from the eyes to the 
hypothalamus, and converge on the melanotrope cells in the intermediate lobe of the 
pituitary. When the frogs are kept on a white background, the melanotrope cells are 
strongly inhibited and biosyntheti cally virtually inacti ve. In contrast, when the frogs 
are transferred to a black background, the melanotrope cells are sti mulated to become 
hyperacti ve professional secretory cells. Hyperacti ve melanotrope cells produce and 
proteolyti cally process vast amounts of their major secretory cargo protein, the 
prohormone proopiomelanocorti n (POMC), and secrete the POMC-derived products 
[reviewed in Roubos et al. (1993)]. In Xenopus melanotropes, POMC is synthesised 
as an N-glycosylated precursor protein that becomes sulphated in the Golgi (Martens 
et al., 1982a; Van Kuppeveld et al., 1997). In the TGN/secretory granules, POMC is 
cleaved into a number of pepti des that may receive additi onal modifi cati ons (e.g. 
acetylati on) (Martens et al., 1981; Berghs et al., 1997). The secreted, bioacti ve 
POMC-derived pepti des include -melanophore-sti mulati ng hormone (-MSH), 
which sti mulates the producti on and dispersion of the melanin pigment in the skin 
melanophores. In acti vated melanotrope cells, a number of transcripts is upregulated 
together with POMC, suggesti ng their involvement in POMC biosynthesis (Holthuis et 
al., 1995a). Interesti ngly, a subset of p24 proteins (p243, p241, p243 and p242) is 
coregulated with POMC, whereas two other p24 proteins (p242 and p241) are also 
expressed in the melanotropes but not co-ordinately with POMC (Kuiper et al., 2000; 
Rött er et al., 2002). We decided to study in Xenopus laevis the roles of these six p24 
proteins in POMC biosynthesis with melanotrope cell-specifi c transgene expression 
of each of these regulated and nonregulated p24s.
Stable transgenesis of Xenopus laevis
A method for generati ng large numbers of stable transgenic Xenopus laevis has 
been described fi rst by Kroll and Amaya (1996). Their restricti on enzyme-mediate 
integrati on (REMI) method allowed the incorporati on of a transgene in the 
genomic DNA of sperm nuclei treated with restricti on enzymes. However, the DNA 
treatment with restricti on enzymes led to relati vely large numbers of embryos 
with developmental defects. Therefore, an improved method that did not require a 
treatment of the sperm DNA with restricti on enzymes was developed by the group of 
Mohun (Sparrow et al., 2000). This latt er method was used to generate the transgenic 
frogs described in this thesis.
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The transgenesis procedure is outlined in Figure 3. Briefl y, sperm nuclei are isolated 
from wild-type male Xenopus and mixed with a linearised transgene product 
containing a suitable promoter sequence (see below) in front of the open reading 
frame for the protein to be studied. The mixture is injected into unferti lised eggs 
obtained from wild-type female frogs. A large part of the eggs gets ferti lised and 
starts dividing. Properly developing embryos can be screened for incorporati on of 
the transgene, e.g. by Southern blotti  ng or PCR on a piece of the tail, or for the 
expression of a fl uorescent reporter protein encoded by the transgene. Transgenic 
tadpoles are grown to adult F0 frogs that can be used to generate large F1 generati ons 
of transgenic animals by in vitro ferti lisati on. The F1 animals can then be used for the 
functi onal analyses.
Over the years, a vast repertoire of ti ssue-specifi c promoters has been developed 
for use in Xenopus transgenesis [an overview is provided in Dirks et al. (2003)]. In 
the work described in this thesis, a 519-bp fragment of the Xenopus laevis POMC-A 
gene promoter was used (Jansen et al., 2002). This promoter fragment drives 
expression specifi cally to the melanotrope cells in the intermediate pituitary and can 
be physiologically regulated by placing the frogs on a white or a black background 
(resulti ng in an inacti ve or an acti ve promoter respecti vely). 
Figure 3. Schemati c overview of the Xenopus laevis transgenesis procedure
Schemati c representati on of the method used to generate stable transgenic 
Xenopus laevis based upon the method developed by Kroll and Amaya (1996) 
and modifi ed by Sparrow et al. (2000). For a descripti on of the transgenesis 
procedure, see text. F1 animals were generated by in vitro ferti lisati on of wild-
type eggs with transgenic sperm or of transgenic eggs with wild-type sperm. 
Adapted from (Bouw, 2004).
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Aims and outline of thesis
Despite the use of a number of invertebrate and vertebrate model systems, the role 
of p24 proteins has been subject to debate for over a decade. The aim of this thesis 
was to examine the role of p24 proteins, in parti cular their role in secretory cargo 
biosynthesis. To this end, we have used a stable transgenic approach in a professional 
secretory cell model (the intermediate pituitary melanotrope cells) in the amphibian 
Xenopus laevis to examine the roles of six p24 proteins in POMC biosynthesis. In 
chapter two, we describe the bioinformati c identi fi cati on of the orthologs of 
previously known p24 proteins as well as a novel family member in vertebrates, the 
phylogeneti c relati onship of these p24 proteins and the ti ssue distributi ons of p24 
transcripts in the mouse.
In chapter three, functi onal studies are presented that examine the roles of 
p243 and p242 in POMC biosynthesis; these two p24 proteins are from diﬀ erent 
subfamilies and are both coinduced with POMC. The functi onal studies involving 
the two remaining co-expressed p24s, p241 and p243, are described in chapter 
four. Together, chapters three and four deal with the roles of the four p24 proteins 
co-ordinately expressed with POMC (and each representi ng a member of the four 
p24 subfamilies) in the biosynthesis of the prohormone. The fi ndings suggest a 
specifi c role for each p24 subfamily member in POMC transport, glycosylati on and 
sulphati on.
In chapter fi ve, we functi onally study p242 and p241, two p24s that are expressed 
in the melanotrope cells but not co-ordinately with POMC. Comparing these results 
with the fi ndings in the previous two chapters provides informati on about the roles 
of p24 members from the same subfamily, i.e. diﬀ erent functi onal specifi citi es even 
for closely related p24 subfamily members. 
Chapter six reports on the importance of the COPI- and COPII-binding moti fs for the 
functi oning of p242 in POMC biosynthesis. We fi nd that mutati ng the COPI- or COPII-
binding moti f abrogates the eﬀ ect of a nonmutated p242-transgene product on 
POMC biosynthesis (described in chapter three). This demonstrates the importance 
of coat binding for the functi oning of p242 in the biosynthesis of POMC.
Chapter seven elaborates on a serendipitous fi nding during the p24 functi onal studies 
concerning POMC processing in the melanotrope cells of wild-type Xenopus. We 
show clear diﬀ erences in POMC glycosylati on and sulphati on between inacti ve and 
hyperacti ve melanotropes that are related to the (in)capacity of the Golgi apparatus 
to facilitate these postt ranslati onal modifi cati ons.
In chapter eight, various aspects of the studies described in this thesis are discussed 
and put in a broader context. Moreover, a summarising model is presented that 
incorporates the results of our functi onal p24 studies.
Together, the work outlined in this thesis provides a comprehensive overview of 
vertebrate p24 proteins, a detailed analysis of their disti nct roles in POMC biosynthesis 
using transgenic Xenopus melanotrope cells and a fi rst report on the functi oning of 
the Golgi in wild-type melanotropes with diﬀ erent states of cellular acti vity. As such, 
this thesis contributes to our understanding of the long-debated role of the p24 
protein family in the early secretory pathway.

2Chapter 2
A comprehensive overview of the 
vertebrate p24 family:
identi fi cati on of a novel
ti ssue-specifi cally expressed member
Submitt ed
Jeroen R.P.M. Strati ng
Nick N. van Bakel
Jack A. Leunissen
Gerard J.M. Martens
Chapter 2
22
ABSTRACT
Members of the p24 protein family have an important but unclear role in transport 
processes at the interface of the endoplasmic reti culum and the Golgi. The p24 
family consists of four subfamilies (, ,  and ), whereby the number of subfamily 
members varies among species. Surprisingly, the vertebrate p24 family is not well 
characterised. Here we describe orthologues of eight p24 family members that are 
conserved throughout the vertebrate lineage and an additi onal two that occur in 
some but not all vertebrates. Intriguingly, we discover a novel p24 family member 
that we term p245 and that is conserved in vertebrates. We further show that all p24 
proteins are ubiquitously expressed in mouse, except for p241 and p245 that display 
restricted expression patt erns. Thus, we present for the fi rst ti me a comprehensive 
overview, the phylogeny and the expression patt ern of the vertebrate p24 protein 
family, and identi fy a novel ti ssue-specifi cally expressed member.
The vertebrate p24 family
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INTRODUCTION
The secretory pathway comprises a number of disti nct membrane-bounded 
organelles involved in the transport, maturati on and sorti ng of biologically acti ve 
proteins desti ned for the plasma membrane or the extracellular space. Proteins 
enter the secretory pathway in the endoplasmic reti culum (ER) where they are 
properly folded. They are then transported to the Golgi from where they are targeted 
to their fi nal intra- or extracellular desti nati on (Palade, 1975). The members of the 
p24 protein family play an important role in vesicular transport processes at the ER-
Golgi-interface, although their exact functi on is sti ll unclear [roles suggested for p24 
have been reviewed in Emery et al. (1999); Kaiser (2000); Kuiper and Martens (2000); 
Carney and Bowen (2004)].
The p24 proteins consti tute a family of type-I transmembrane proteins of ~24kDa. 
The family can be subdivided into four subfamilies termed , ,  and  (Dominguez 
et al., 1998). The p24 proteins share a similar architecture that includes a single 
transmembrane helix. At the lumenal side, the p24 proteins have an N-terminal GOLD 
domain that may play a role in the incorporati on of cargo into transport vesicles 
(Anantharaman and Aravind, 2002). In the structure of some family members this 
domain is followed by a putati ve coiled-coil region that may interact with other p24 
proteins (Ciufo and Boyd, 2000). At the cytoplasmic side, the p24 proteins have a 
short C-terminal tail of 12-22 amino acids that contains binding moti fs for the vesicle 
coat complexes COPI and COPII (Fiedler et al., 1996; Sohn et al., 1996; Dominguez 
et al., 1998; Harter and Wieland, 1998; Belden and Barlowe, 2001b; Béthune et al., 
2006).
Despite its crucial role in the cell, a comprehensive overview of the vertebrate 
p24 family is not available and the occurrence of orthologues of the various p24 
family members among vertebrate species is surprisingly ill documented, as are 
their ti ssue distributi ons. In contrast, the compositi ons of the p24 families in yeast 
and fruit fl y, and their expression patt erns in fl y developmental stages and ti ssues 
have been extensively studied (Schimmöller et al., 1995; Belden and Barlowe, 1996; 
Marzioch et al., 1999; Carney and Taylor, 2003; Bartoszewski et al., 2004; Boltz et al., 
2007). In this paper, we describe the compositi on of the p24 family in vertebrates, 
evoluti onary aspects of the p24 family and the ti ssue distributi ons of the mouse p24 
family members.
RESULTS
p24 nomenclature
In the past, various nomenclatures for vertebrate p24 proteins have been introduced 
and are sti ll being used in parallel (Table 1). Work on mammalian p24 proteins has 
mostly focused on six family members, usually termed p23, p24, p25, p26, p27 and 
tp24. A more systemati c approach, involving the use of a Greek lett er (to identi fy a 
subfamily of structurally related p24 proteins) followed by a number (starti ng with 
the fi rst-discovered member), has been proposed by Dominguez and colleagues 
(1998). Here, we use this systemati c nomenclature because it provides direct 
informati on as to which subfamily the p24 protein belongs and the subfamily can 
be expanded relati vely easy with a newly identi fi ed family member (based on its 
structure). A careful literature search revealed the occurrence of ten p24 proteins in 
vertebrate species, namely gp25L/p241 (Wada et al., 1991), p25/p242 (Dominguez 
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Table 1. Nomenclature and occurrence of the vertebrate p24 proteins
1 In the protein database, most p24 proteins are annotated as ‘TMED’ [transmembrane 
emp24 protein transport domain containing; emp24 is the fi rst yeast p24 protein identi fi ed 
(Schimmöller et al., 1995)]. The protein database contains one protein (TMED8) that is 
erroneously annotated as being related to the p24 proteins, because of its size (~300 aa) 
and the fact that it lacks a transmembrane domain as well as the three absolutely conserved 
amino acid residues (see text). The TMED8 protein contains a GOLD domain at the C-terminus 
and a BLAST search for related proteins retrieved several GOLD domain-containing proteins, 
indicati ng that TMED8 is a GOLD domain-containing protein but not a member of the p24 
family.
2 The human p24α1 gene contains an in-frame stop codon and therefore the p24α1 protein 
seems not to occur in humans. However, other primates have an intact p24α1 (see text).
3 p24γ1 is someti mes erroneously termed T1/ST2 instead of the original name T1/ST2 receptor 
binding protein (Gayle et al., 1996), and because of the close relati onship p24γ2 is someti mes 
-also erroneously- called T1/ST2 iso.
4 Zebrafi sh contained two p24γ1 inparalogues (see text).
5 The present assembly of the zebrafi sh genome does not contain a full-length p24γ5 sequence, 
but the Tetraodon nigroviridis genome does (see text).
Systemati c
name
Systemati c
database
name 1
Alternati ve names
M
am
m
al
s
A
m
ph
ib
ia
ns
Fi
sh
α
p241 gp25L + 2 + +
p242 TMED9 p25, GMP25, gp25L2, p24d, p24D + + +
p243 TMED4 GMP25iso + + +
β p241 TMED2 p24, p24a + + +
γ
p241 TMED1 tp24, T1/ST2 (receptor binding protein) 3 + + + 4
p242 TMED5 p28, T1/ST2 iso 3 + + +
p243 TMED7 (g)p27 + + +
p244 TMED3 p26, p24b + - +
p245 TMED6 + + + 5
δ
p241 TMED10 p23, tmp21(-I), p24c + + +
p242 p23iso - + -
et al., 1998), GMP25iso/p243 (Rött er et al., 2002), p24/p241 (Stamnes et al., 
1995), tp24/p241 (Gayle et al., 1996), p28/p242 (Rött er et al., 2002), p27/p243 
(Dominguez et al., 1998), p26/p244 (Dominguez et al., 1998), p23/p241 (Sohn et 
al., 1996) and p23iso/p242 (Holthuis et al., 1995a; Kuiper et al., 2000) (Table 1). 
In invertebrates, yet other nomenclatures exist (for example, see Marzioch, et al. 
(1999) for an overview of the p24 proteins in yeast and Boltz, et al. (2007) for the 
Drosophila p24 proteins).
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The vertebrate p24 proteins
To provide a comprehensive overview of the p24 family in vertebrates, we chose to 
compare the p24 protein sequences from human and vertebrate model organisms, 
namely mouse (Mus musculus), amphibian (Xenopus tropicalis) and zebrafi sh (Danio 
rerio). The genome sequencing projects for these species have either been completed 
or are in a far-advanced stage, which enables the identi fi cati on of any novel, 
unannotated members of the p24 family. We retrieved the known p24 proteins from 
the protein database using a text-based search and the unannotated family members 
with a BLAST search against the non-redundant protein database or the respecti ve 
genome and EST databases. All p24 proteins have orthologues in all vertebrate 
species (Table 1), except for the few cases discussed below. In additi on, we identi fi ed 
a novel member of the p24 family that we termed p245 (see below). From Table 1 it 
is clear that most vertebrate genomes encode ten p24 family members.
The human p24α1 open reading frame (ORF) contains a premature stop codon
The gp25L/p241 protein, originally found in dog pancreati c microsomes, was the 
fi rst member of the p24 family to be identi fi ed (Wada et al., 1991). Interesti ngly, we 
found during our searches that the human sequence for p241 contains an in-frame 
stop codon (codon 111; TAA). This stop codon was found in both the reference and 
the alternate human genome assembly as well as in human ESTs for p241. In no 
species other than human the p241 ORF contains a stop codon; in most species 
(e.g. orang-utan, chimp, macaque, bush-baby, mouse lemur, cow, cat, mouse and rat) 
codon 111 is TCA (encoding a serine), whereas in some other species (e.g. horse, dog, 
opossum and microbat) it is TCC or TCG (also encoding a serine). The chimpanzee 
p241 ORF is identi cal to the human p241 sequence, except for three nucleoti de 
changes, one of which corresponds to the A/C diﬀ erence in codon 111 (the two other 
diﬀ erences are silent). On the basis of the available data, we conclude that humans 
lack an intact p241 protein. Therefore, we decided to include chimpanzee p241 in 
our phylogeneti c analysis as a representati ve of primate p241.
Zebrafi sh has two p24γ1 copies
In the database we found two zebrafi sh protein sequences of p241, which we termed 
p241A and p241B. On the basis of a comparati ve amino acid sequence analysis, we 
conclude that the two proteins are derived from two diﬀ erent genes for p241 rather 
than from splicing isoforms or diﬀ erent alleles of the same gene. Thus, most likely 
the two zebrafi sh p241 proteins are inparalogues (Sonnhammer and Koonin, 2002) 
resulti ng from a genome duplicati on event early in the teleost lineage (Jaillon et al., 
2004).
Amphibians lack a p24γ4 orthologue but have an additi onal amphibian-specifi c 
p24δ2
Despite extensive searches in genome and EST databases of both Xenopus tropicalis 
and Xenopus laevis, we did not identi fy a Xenopus orthologue of p244. Since all other 
vertebrates included in our analyses have p244 orthologues, Xenopus likely lost this 
family member during evoluti on. With respect to the p24 subfamily it is interesti ng 
to note that we previously found two subfamily members in Xenopus laevis (p241 
and p242) (Holthuis et al., 1995b; Kuiper et al., 2000). Because we did not identi fy 
an orthologue of Xenopus p242 in any other vertebrate branch, we conclude that 
p242 is an amphibian-specifi c member of the p24 family. Interesti ngly, a second 
expressed p24 gene (Tmp21-II) has been identi fi ed in human (Blum et al., 1996), 
but this gene does not encode a complete p24 protein due to a change in reading 
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frame and a nonsense mutati on (Horer et al., 1999). At the protein sequence level, 
human Tmp21-II grouped with human and mouse p241 (not shown). Therefore, it 
is not an orthologue of Xenopus p242 but rather a non-functi onal inparalogue of 
p241. An orthologue of Tmp21-II occurs in chimp (with a stop codon located slightly 
further upstream than in the human sequence) but not in mouse or rat, suggesti ng 
that the duplicati on event took place recently in the primate radiati on.
A novel member of the vertebrate p24 family: p24γ5
During our BLAST searches for orthologues of known p24 proteins, we serendipitously 
found a novel protein (TMED6) that based on sequence similarity appeared to be a 
member of the p24 family. Since in our phylogeneti c analysis this protein belongs to 
the p24 subfamily, we termed this novel family member p245. We next identi fi ed 
p245 orthologues in a large number of evoluti onarily distant vertebrate species 
(human, mouse, cow, dog, platypus, opossum, Xenopus and puﬀ erfi sh). The zebrafi sh 
genome assembly used in our searches (Zv7) contained only two fragments of the 
p245 sequence (located on diﬀ erent scaﬀ olds that both mapped to chromosome 25), 
but not a full-length sequence. Since we identi fi ed the complete protein sequence 
of a p245 orthologue in another teleost fi sh, the green-spott ed puﬀ erfi sh Tetraodon 
nigroviridis, we chose to include this sequence as a representati ve of fi sh p245 in our 
phylogeneti c analyses.
Phylogeneti c relati onships between the p24 proteins
Aft er having retrieved the orthologues of all known p24 proteins and the novel 
family member p245, we used all mouse p24 protein sequences to query the mouse 
genome for any other novel family member, but we did not identi fy any additi onal p24 
sequences. Thus, on the basis of our results we conclude that in general vertebrates 
contain ten p24 family members (Table 1). In additi on to the protein sequences of 
human, mouse, Xenopus and zebrafi sh, we chose to include in our phylogeneti c 
analyses the model invertebrate Drosophila melanogaster (fruit fl y), the model yeast 
Saccharomyces cerevisiae (budding yeast) and the model plant Arabidopsis thaliana. 
Fruit fl y and yeast have representati ves of all four p24 subfamilies (Marzioch et al., 
1999; Boltz et al., 2007), whereas plants contain only members of the p24 and p24 
subfamilies (Carney and Bowen, 2004).
Alignment of the various p24 protein sequences showed that overall these proteins 
display a low degree of amino acid sequence identi ty (Supplementary Figure S1). 
Fully conserved in all p24 proteins are only the two cysteine residues of the GOLD 
domain (Anantharaman and Aravind, 2002). Additi onally, with the single excepti on 
of Drosophila CG9308, all p24 proteins contain a glutamine in their transmembrane 
(TM) domain, which has been shown to be involved in the traﬃ  cking of p24 proteins 
(Fiedler and Rothman, 1997). Several other positi ons show a high degree of sequence 
identi ty or similarity, in parti cular in the TM region. Next, we predicted the positi ons 
of the TM helices in all p24 proteins included in our analysis. In general, the predicted 
TM helices could be easily aligned (positi ons 250-272 in Supplementary Figure S1; TM 
length of 23 residues). Of parti cular interest is that the predicted TM domains in all 
p24 proteins are three amino acid residues shorter (positi ons 250-269; a length of 
20 residues) than those of the p24, - and - proteins. The cytoplasmic tails of most 
p24 proteins contain an FF-moti f involved in COPII-binding (Dominguez et al., 1998) 
or an alternati ve moti f consisti ng of other aromati c or large hydrophobic residues 
(Supplementary Figure S1). In additi on, the majority of the p24 proteins has a doublet 
of basic amino acids located two positi ons C-terminal of the FF, together yielding the 
FFXXBBXn moti f (n≥2; B indicates any basic residue) involved in COPI-binding (Béthune 
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et al., 2006). Within each of the four vertebrate p24 subfamilies the degree of amino 
acid sequence identi ty between the various members of that parti cular subfamily is 
high (Supplementary Figure S3). Furthermore, with the excepti on of the -subfamily 
all vertebrate p24 subfamilies have extremely well-conserved cytoplasmic tails that 
provide ‘signatures’ to identi fy a parti cular subfamily.
Figure 1 (an unrooted cladogram tree) and Supplementary Figure S2 (a bootstrapped 
midpoint-rooted tree) show the relati onships between the various p24 proteins and 
subfamilies. The phylogeneti c relati onships among the orthologuous p24 proteins 
correspond to the evoluti onary relati onships of the species from which they are 
derived, with the excepti on of the p24 branch. In the phylogeneti c trees, zebrafi sh 
p241 appears more closely related to mouse and human p241 than Xenopus p241 
(Figure 1 and Supplementary Figures S2 and S3B). However, the bootstrap values 
for the branching of Xenopus and zebrafi sh p241 are relati vely low (Supplementary 
Figures S2 and S3B), indicati ng that the p241 proteins are too closely related to 
reliably calculate their phylogeneti c decent. Alternati vely, zebrafi sh p241 has 
undergone a number of reverti ng mutati ons that cause it to resemble the mammalian 
p241 proteins more than Xenopus p241.
It appears that the p24 and p24 subfamilies share a common ancestor, as do the 
p24 and p24 subfamilies. The four p24 subfamilies branch oﬀ  very early, and are 
present in yeast and all animals. We therefore conclude that the common ancestor 
to fungi and animals likely contained members of all p24 subfamilies. Interesti ngly, 
although the plant p24 proteins group in only two subfamilies (p24 and p24), plants 
contain descendants of both the p24/- and the p24/-ancestor. Assuming that the 
root of the tree (Figure 1 and Supplementary Figure S2) lies in between the / and 
the / stems implicates that the / and / ancestors were already present in the 
common ancestor to plants and animals. This again implies that a loss of two genes 
in plants is more likely than the gain of two genes in animals/fungi. Furthermore, 
subfamily expansion (especially in the - and -subfamilies) appears to have taken 
place relati vely recently in evoluti on and independently in vertebrates and other 
species (Figure 1 and Supplementary Figure S2). For example, the yeast  subfamily 
forms a separate group from the vertebrate  subfamily, although both seem to 
have a single common p24 ancestor. An even clearer example may be provided by 
the plant p24 subfamily that seems to have greatly expanded independently from 
the fungi/animals from a single p24 ancestor. Interesti ngly, each p24 orthologue 
is evoluti onarily well conserved. In parti cular, the p241 protein is extremely well 
conserved (Figure 1, Supplementary Figures S1-3), e.g. the p241 proteins from 
the distantly related species man and zebrafi sh show 94.5% amino acid sequence 
identi ty (excluding the signal pepti de; Supplementary Figure S3A). Moreover, the 
database queries revealed that the various members of each of the vertebrate 
p24 subfamilies do not only display a high degree of sequence conservati on, but 
also that their genes have similar intron-exon architectures that correlate well with 
evoluti onary relati onships. The genes encoding members of the related p24 and 
p24 subfamilies each consist of 5 exons, the genes of the related p24 subfamily 
and the p241/2/5 branch are all build up of 4 exons, whereas the p243/4 genes have 
only three exons (Supplementary Table 2).
Tissue distributi ons of the p24 family members in the mouse
Another aspect of the vertebrate p24 proteins of which surprisingly litt le is known 
concerns their ti ssue distributi ons. Previous expression analyses have examined only 
a limited number of p24 proteins or a limited number of ti ssues (Denzel et al., 2000; 
Kuiper et al., 2000; Rött er et al., 2002; Hosaka et al., 2007). Therefore, we decided 
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Figure 1. Unrooted tree of the p24 protein family
A multi ple alignment of p24 protein sequences was performed (Supplementary Figure S1) 
and an unrooted cladogram tree was generated. The four subfamilies are indicated by grey 
background shading. Hs, Homo sapiens; Pt, Pan troglodytes; Mm, Mus musculus; Xt, Xenopus 
tropicalis; Dr, Danio rerio; Tn, Tetraodon nigroviridis; Dm, Drosophila melanogaster; Ss, 
Saccharomyces cerevisiae; At, Arabidopsis thaliana
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DISCUSSION
In this study, we have investi gated the compositi on, phylogeneti c relati onship and 
expression patt erns of the vertebrate p24 family. For most p24 family members 
multi ple names are used in parallel, which hampers communicati on in the fi eld. 
Although the p23-p27 nomenclature is presently mostly used, it does not oﬀ er the 
fl exibility that is needed to properly describe the full set of p24 proteins that we 
present in this paper. Therefore, we suggest to employ the systemati c nomenclature 
proposed by Dominguez et al. (1998) and used in this paper, or at least to provide 
both names (e.g. p23/p241). In general, the vertebrate species studied here contain 
orthologues of all vertebrate p24 family members. Our phylogeneti c analyses of the 
complete sets of p24 proteins from man, mouse, zebrafi sh, Xenopus, fruit fl y, yeast 
and Arabidopsis showed that the expansion of the p24 subfamilies has taken place 
rather recent in evoluti on, since it has occurred independently in plants, fungi and 
animals and partly even independently in vertebrates and invertebrates. Thus, non-
vertebrate (plant, fungus, invertebrate) p24 proteins are not orthologuous to specifi c 
vertebrate family members. Although only a few residues have been conserved 
to investi gate by RT-PCR the mRNA expression patt erns of all p24 family members 
in the mouse. We found that all but two p24 proteins were expressed ubiquitously. 
Using two diﬀ erent, independent primer sets, no expression of p241 mRNA was 
found in the 14 ti ssues examined (not shown). For p245 mRNA, strong expression 
was observed in lung, liver, kidney, small intesti ne and colon, and weak expression in 
spleen (Figure 2). Since no p241 mRNA expression was found in any of the ti ssues 
examined, we searched the database for p241 ESTs. Most p241 ESTs were from 
pancreas (mouse, cow, pig, chicken and Xenopus) and a few from liver (dog), placenta 
(cow) or embryonic stages (Xenopus), suggesti ng that the expression of p241 is 
indeed very limited.
Figure 2. Tissue distributi on of p24 family 
members
The presence of transcripts of the p24 family 
members in mouse ti ssues was investi gated 
by RT-PCR. Using two independent primer 
sets (Supplementary Table 1), p241 was not 
detected in any of the ti ssues examined here. 
The arrow indicates the positi on where the 
PCR product for p241 is expected; the asterisk 
indicates the positi on of the primers used (see 
also in some of the negati ve control lanes). 
-Acti n served as an input control. 
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throughout the enti re p24 family, all p24 proteins have a similar overall structural 
organisati on. Interesti ngly, in silico experiments predict that the TM domains of 
the p24 proteins are three amino acids shorter than that of the p24, - and - 
subfamily members. Although we cannot exclude the possibility of mispredicti ons, 
we note that the consistency in the positi ons of the predicted p24 TM domains 
makes it feasible that the predicti on is correct. In this connecti on it is of interest to 
note that p24 proteins localise primarily to the ER, whereas the other p24s are 
mainly present in Golgi membranes (Wada et al., 1991; Sohn et al., 1996; Rojo et 
al., 1997; Dominguez et al., 1998; Blum et al., 1999; Füllekrug et al., 1999; Gommel 
et al., 1999; Emery et al., 2000). Furthermore, the thickness of secretory pathway 
membranes increases gradually from the ER to the plasma membrane, possibly due 
to an increasing cholesterol content (Bretscher and Munro, 1993). Since one means 
for TM proteins to localise correctly may be by residing in membranes of which 
the thickness is compati ble with the length of their TM domain [the lipid bilayer 
thickness model, for review see Munro (1998)], the relati vely short TM domain of 
p24 proteins may thus accommodate these proteins in the ER. However, p24 
subfamily members cycle through the Golgi and when their retrieval moti f is mutated 
they can even reach the late secretory pathway where they form cholesterol-rich 
membrane microdomains (Dominguez et al., 1998; Emery et al., 2003). Hence, the 
TM domain is surely not the only determinant for the ER-localisati on of p24 proteins. 
For p23/p241, localisati on-signals in its lumenal domain have been reported (Blum 
and Lepier, 2008). Interesti ngly, in most p24 subfamily members the TM domain is 
directly followed by two basic and one hydrophobic residue. Possibly, the positi ve 
charges can be masked thus allowing an extension of the p24 TM helix and the 
presence of p24 in thicker membranes. If and how the capability of p25/p242 
to form cholesterol-rich microdomains relates to the properti es of its TM domain 
(length, compositi on) remains to be established.
We furthermore showed that, with the excepti on of p241 and p245, the mouse 
p24 proteins are ubiquitously expressed, in line with the ubiquitous expression of 
the majority of p24s in fl ies (Boltz et al., 2007). We furthermore found that each 
ti ssue examined expressed a representati ve of each subfamily and even multi ple 
members of the same subfamily. The broad co-expression of p24 subfamily members 
in vertebrate organs has not been noti ced before and may point to a functi onal 
nonredundancy, even among the closest subfamily members. Knowledge of the 
ti ssue distributi ons of the p24 proteins is also relevant for the design of functi onal 
p24 studies in knock-out mice. Since a homozygous knock-out of the ubiquitously 
expressed p23/p241 was lethal in an early embryonic stage (Denzel et al., 2000), the 
generati on of knock-outs of less broadly expressed p24 proteins (such as of p241 
or p245) should be considered because this approach will increase the chances that 
functi onal p24 studies are feasible.
Collecti vely, our results present a nomenclature for all p24 proteins, the evoluti onary 
conservati on of the p24 family in various vertebrate species, the ti ssue distributi ons 
of all ten mouse p24 family members and the discovery of a novel family member 
that displays a restricted expression patt ern. Thus, we provide for the fi rst ti me a 
comprehensive overview of the vertebrate p24 family.
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Bioinformati c methods
Searches against the non-redundant 
protein database at the Nati onal Center 
for Biotechnology Informati on (NCBI) were 
performed using the BLASTP algorithm. 
Genomic databases at the NCBI (March 2008 
releases) were queried using the TBLASTN 
algorithm. Sequences were aligned using 
CLUSTALW 1.83 (Thompson et al., 1994) 
and MUSCLE (Edgar, 2004), and edited using 
JalView 2.3 (Clamp et al., 2004). Phylogeneti c 
trees were built using PHYLIP 3.67, PAUP 
4.0b10 and MrBayes 3.1.1, and plott ed with 
DRAWTREE (PHYLIP package; Figure 1) and 
SVGTree (JL, unpublished; Supplementary 
Figures S2 and S3). The phylogeneti c trees 
calculated by the various programs were in 
general agreement with each other, apart 
from minor variati ons in branch lengths 
and bootstrap values. Signal pepti des were 
predicted using the public SignalP 3.0 server 
(Bendtsen et al., 2004). Generally, the Neural 
networks and the Hidden Markov models 
algorithms yielded the same result. If not, the 
predicted signal pepti de cleavage positi on 
was taken that was most consistent with 
that of the most closely related p24 proteins. 
Transmembrane helices were predicted 
using the public TMHMM 2.0 server (Krogh 
et al., 2001). In general, the predicted 
transmembrane helices within diﬀ erent p24 
proteins aligned well. 
RNA isolati on and RT-PCR
Female BALB/c surplus mice (12 months 
old) were sacrifi ced by cervical dislocati on 
in accordance with insti tuti onal guidelines, 
and ti ssues were dissected and snap-frozen 
in liquid nitrogen. Total RNA was extracted 
from the ti ssues using the Trizol reagent 
(Invitrogen) according to the manufacturer’s 
instructi ons. RNA concentrati ons were 
determined spectrophotometrically and 
checked for integrity of the rRNAs by agarose 
gel electrophoresis. The Trizol-method 
yielded high-quality RNA from all ti ssues, 
except for pancreas. In order to isolate 
high-quality RNA from pancreas suitable for 
RT-PCR, we used the RNAlater ice soluti on 
(Ambion) but again we were not successful, 
probably because of the abundant presence 
of pancreati c RNases. We therefore could 
not examine the mRNA expression of mouse 
p241 in pancreas. The RNA samples were 
treated with DNaseI (Fermentas) and cDNA 
was generated using a RevertAid H-minus 
fi rst stand cDNA synthesis kit (Fermentas) 
according to the manufacturer’s protocol. 
Standard PCR reacti ons were performed using 
intron-spanning primer pairs (Supplementary 
Table 1). A PCR for -acti n was performed as 
a control for equal input.
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Supplementary Figure S3B. Alignment and 
phylogeneti c analysis of vertebrate p24 
proteins of the four p24 subfamilies
Multi ple alignments of the protein 
sequences (provided as Supplementary 
Material) of each of the four invertebrate 
p24 subfamilies were performed 
(Supplementary Figure S3A; printed 
on pages 168-171) and bootstrapped 
midpoint-rooted phylogeneti c trees 
were constructed (B). Species names are 
abbreviated as in Figure 1.
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Supplementary Figure S2. Phylogeneti c relati onships among p24 protein sequences
A bootstrapped midpoint-rooted phylogeneti c tree was constructed from the 
alignment in Supplementary Figure S1 (printed on pages 162-167). Species names are 
abbreviated as in Figure 1.
Supplementary Figure S1. Alignment of p24 protein sequences
Printed on pages 162-167.
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Supplementary Table 2. Accession numbers and sequences of the p24 protein sequences 
used in this work
1 Number of exons in the respecti ve gene.
2 The annotated mouse p24γ3 has a frame shift , leading to an incorrect C-terminus. The sequence 
used is assembled from the genome and partly covered by XP_128959.3 (gi: 82996121) and 
EDL09979.1 (gi: 148678032).
3 Xenopus tropicalis p24α1 is not yet annotated. We reconsti tuted Xenopus p24α1 from the 
genomic sequence using mouse p24α1 as a template.
4 Gene architecture data are not available for Tetraodon and Xenopus.
5 By comparison with p24γ5 proteins from other species, the Xenopus tropicalis p25γ5 sequence 
appeared to lack the fi rst seven amino acid by sequence comparison with other species due 
to alternati ve start codon predicti on. These seven residues were obtained from the genomic 
sequence of Xenopus p24γ5.
6 Two zebrafi sh orthologs of p24γ1, which we termed A and B, are present in the database. 
p24γ1 B is not annotated in the reference genome assembly.
7 Eclair and CG33105 (Boltz et al., 2007) are highly homologous with only the C-terminus 
diverging. The chromosomal locati on and gene build-up is the same and the DNA sequences 
are identi cal. We presume that these two sequences are not two separate genes indicated in 
Boltz et al. (2007), but rather represent splicing variants or -considering the unconventi onally 
long C-terminus of CG33105- an incorrect annotati on for CG33105. Therefore, we included 
only Eclair in our phylogeneti c analyses.
8 The reference sequence annotated as Logjam lacks a part of the transmembrane domain. We 
have used in our phylogeneti c analyses an alternati ve sequence identi cal to Logjam but with 
the enti re transmembrane domain.
9 Isoform A has 9 additi onal N-terminal amino acids as compared to isoform B.
10 The reference sequence uses an alternati ve start methionine, and consequently excludes 
the fi rst conserved cysteine. We have used a longer variant that likely represents the actual 
protein.
Family member Accession number Genbank accession NCBI Gene ID Exons 1
Chimp (Pan troglodytes)
p24α1 XP_517060 55622092 461060 5
Human (Homo sapiens) 
p24α2 NP_059980.2 39725636 54732 5
p24α3 NP_872353.2 33457308 222068 5
p24β1 NP_006806.1 5803149 10959 4
 p24γ1 NP_006849.1 5803040 11018 4
 p24γ2 NP_057124.2 19923442 50999 4
 p24γ3 NP_861974.1 32996709 51014 3
 p24γ4 NP_031390.1 6679189 23423 3
 p24γ5 NP_653277.1 21389573 146456 4
p24δ1 NP_006818.3 98986464 10972 5
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Family member Accession number Genbank accession NCBI Gene ID Exons 1
Mouse (Mus musculus)
p24α1 NP_080385.2 71037401 67366 5
p24α2 NP_080487.2 145966911 67511 5
p24α3 NP_598781.1 19527236 103694 5
p24β1 NP_062744.1 9790015 56334 4
p24γ1 NP_034874.2 85362703 17083 4
p24γ2 NP_083152.1 21746165 73130 4
p24γ3 N/A 
2 N/A 2 66676 N/A 2
p24γ4 NP_079636.1 13384724 66111 3
p24γ5 NP_079734.1 13384864 66269 4
p24δ1 NP_081051.1 21312062 68581 5
Western clawed frog (Xenopus tropicalis)
p24α1 N/A 
3 N/A 3 N/A 3 N/A 3,4
 p24α2 NP_001011147.1 58331996 496564 N/A 
4
p24α3 NP_001015779.1 62751573 548496 N/A 
4
 p24β1 NP_001039241.1 162287389 734103 N/A 
4
 p24γ1 NP_001039263.1 113931622 734138 N/A 
4
 p24γ2 NP_001016560.1 62857991 549314 N/A 
4
 p24γ3 NP_989261.1 45361367 394874 N/A 
4
 p24γ5 AAH87777.1 
5 56556585 496652 N/A 4
p24δ1 NP_001016258.1 62858911 549012 N/A 
4
 p24δ2 NP_001007925.1 56118839 493305 N/A 
4
Zebrafi sh (Danio rerio)
p24α1 XP_684677.2 125834628 556714 5
p24α2 AAH92967.1 62531179 368330 5
p24α3 NP_001002134.1 50344924 415224 5
p24β1 NP_955842.1 41054687 321550 4
p24γ1A 
6 NP_001003487.1 51011057 445093 4
P24γ1B 
6 NP_001074109.1 123707912 791158 N/A 6
p24γ2 NP_956697.1 41055361 393374 4
p24γ3 NP_998077.1 47086211 405848 2
p24γ4 XP_698509.2 125821618 336391 3
p24δ1 NP_999863.1 47550709 326716 5
Green-spott ed puﬀ erfi sh (Tetraodon nigroviridis)
p24γ5 CAG01082.1 47214729 N/A N/A 
4
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Family member Accession number Genbank accession NCBI Gene ID Exons 1
Fruit fl y (Drosophila melanogaster)
Eclair (Eca) 7 NP_788616 28573140 41177 2
CG33105 7 NP_788617.1 28573133 318890 2
CG3564 NP_572165.1 18921123 31382 3
CG9308 NP_611629.1 24657476 37507 1
Logjam 8 AAL28932.1 16769426 38698 5
CG1967 NP_572754.1 18859819 32140 1
CG9053 A 9 NP_572994.1 18859965 32435 2
CG31787 NP_724105.1 24584952 318941 1
Baiser (Bai) / 
CG11785
NP_651323.3 28571872 42996 5
Budding yeast (Saccharomyces cerevisiae)
Erv25 NP_013701.1 6323630 854997 1
Emp24 NP_011315.1 6321238 852675 1
Erp1 NP_009402.1 6319319 851264 1
Erp2 NP_009395.1 6319312 851226 1
Erp3 NP_010266.1 6320186 851544 1
Erp4 NP_014659.1 6324590 854181 1
Erp5 NP_011978.1 6321902 856510 1
Erp6 NP_011513.1 6321436 852882 1
Thale cress (Arabidopsis thaliana)
AT1G09580.1 NP_172429.1 15217563 837485 4
AT1G57620.1 NP_176075.1 15223626 842138 4
AT1G21900.1 NP_173608.1 15219136 838792 4
AT3G10780.1 NP_187689.1 15228372 820247 4
AT1G14010.1 NP_172854.1 15223027 837961 4
AT2G03290.X 10 AAD17445.1 4335768 844858 4
AT1G26690.1 NP_564256.1 18396016 839210 4
AT1G69460.1 NP_177105.2 22330523 843278 4
AT3G29070.1 NP_189550.2 145339052 822551 4
AT3G07680.1 NP_187425.1 15231496 819959 4
AT3G22845.1 NP_188924.3 42565125 821856 4
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Supplementary sequences
Human / Primates
>Pt_p24a1
MQMLTFLLCFGFPFSTAFYFHAGEREEKCLIEDIPSDTLVTGTFKIQQWDIGRHTFLESAPGLGMFVTIT
TYNDEVILSKLYGPQGTFYFTSHSPGEHTICLESNSTRLVSFGGSRLRIHLDIRVGEHDLDAAIAQAKDK
VNELTFKLEHLIEQIEQIVKEQNYQRDREENFRTTSEDTNSNVLWWAFAQILIFISVGIFQMKYLKDFFI
AKKIV
>Hs_p24a2
MRTLLLVLWLATRGSALYFHIGETEKKCFIEEIPDETMVIGNYRTQLYDKQREEYQPATPGLGMFVEVKD
PEDKVILARQYGSEGRFTFTSHTPGEHQICLHSNSTKFSLFAGGMLRVHLDIQVGEHANDYAEIAAKDKL
SELQLRVRQLVEQVEQIQKEQNYQRWREERFRQTSESTNQRVLWWSILQTLILVAIGVWQMRHLKSFFEA
KKLV
>Hs_p24a3
MAGVGAGPLRAMGRQALLLLALCATGAQGLYFHIGETEKRCFIEEIPDETMVIGNYRTQMWDKQKEVFLP
STPGLGMHVEVKDPDGKVVLSRQYGSEGRFTFTSHTPGDHQICLHSNSTRMALFAGGKLRVHLDIQVGEH
ANNYPEIAAKDKLTELQLRARQLLDQVEQIQKEQDYQRYREERFRLTSESTNQRVLWWSIAQTVILILTG
IWQMRHLKSFFEAKKLV
>Hs_p24b1
MVTLAELLVLLAALLATVSGYFVSIDAHAEECFFERVTSGTKMGLIFEVAEGGFLDIDVEITGPDNKGIY
KGDRESSGKYTFAAHMDGTYKFCFSNRMSTMTPKIVMFTIDIGEAPKGQDMETEAHQNKLEEMINELAVA
MTAVKHEQEYMEVRERIHRAINDNTNSRVVLWSFFEALVLVAMTLGQIYYLKRFFEVRRVV
>Hs_p24g1
MMAAGAALALALWLLMPPVEVGGAGPPPIQDGEFTFLLPAGRKQCFYQSAPANASLETEYQVIGGAGLDV
DFTLESPQGVLLVSESRKADGVHTVEPTEAGDYKLCFDNSFSTISEKLVFFELIFDSLQDDEEVEGWAEA
VEPEEMLDVKMEDIKESIETMRTRLERSIQMLTLLRAFEARDRNLQEGNLERVNFWSAVNVAVLLLVAVL
QVCTLKRFFQDKRPVPT
>Hs_p24g2
MGDKIWLPFPVLLLAALPPVLLPGAAGFTPSLDSDFTFTLPAGQKECFYQPMPLKASLEIEYQVLDGAGL
DIDFHLASPEGKTLVFEQRKSDGVHTVETEVGDYMFCFDNTFSTISEKVIFFELILDNMGEQAQEQEDWK
KYITGTDILDMKLEDILESINSIKSRLSKSGHIQTLLRAFEARDRNIQESNFDRVNFWSMVNLVVMVVVS
AIQVYMLKSLFEDKRKSRT
>Hs_p24g3
MPRPGSAQRWAAVAGRWGCRLLALLLLVPGPGGASEITFELPDNAKQCFYEDIAQGTKCTLEFQVITGGH
YDVDCRLEDPDGKVLYKEMKKQYDSFTFTASKNGTYKFCFSNEFSTFTHKTVYFDFQVGEDPPLFPSENR
VSALTQMESACVSIHEALKSVIDYQTHFRLREAQGRSRAEDLNTRVAYWSVGEALILLVVSIGQVFLLKS
FFSDKRTTTTRVGS
>Hs_p24g4
MGSTVPRSASVLLLLLLLRRAEQPCGAELTFELPDNAKQCFHEEVEQGVKFSLDYQVITGGHYDVDCYVE
DPQGNTIYRETKKQYDSFTYRAEVKGVYQFCFSNEFSTFSHKTVYFDFQVGDEPPILPDMGNRVTALTQM
ESACVTIHEALKTVIDSQTHYRLREAQDRARAEDLNSRVSYWSVGETIALFVVSFSQVLLLKSFFTEKRP
ISRAVHS
>Hs_p24g5
MSPLLFGAGLVVLNLVTSARSQKTEPLSGSGDQPLFRGADRYDFAIMIPPGGTECFWQFAHQTGYFYFSY
EVQRTVGMSHDRHVAATAHNPQGFLIDTSQGVRGQINFSTQETGFYQLCLSNQHNHFGSVQVYLNFGVFY
EGPETDHKQKERKQLNDTLDAIEDGTQKVQNNIFHMWRYYNFARMRKMADFFLIQSNYNYVNWWSTAQSL
VIILSGILQLYFLKRLFNVPTTTDTKKPRC
>Hs_p24d1
MSGLSGPPARRGPFPLALLLLFLLGPRLVLAISFHLPINSRKCLREEIHKDLLVTGAYEISDQSGGAGGL
RSHLKITDSAGHILYSKEDATKGKFAFTTEDYDMFEVCFESKGTGRIPDQLVILDMKHGVEAKNYEEIAK
VEKLKPLEVELRRLEDLSESIVNDFAYMKKREEEMRDTNESTNTRVLYFSIFSMFCLIGLATWQVFYLRR
FFKAKKLIE
The vertebrate p24 family
39
2
Mouse
>Mm_p24a1
MQIQTILLCFSFSFSAAFYFHAGEREEKCIIEDIPSDTLITGTFKVQQWDIVRHDFLESAPGLGMFVTVT
TYNDEVLLSKLYGAQGTFYFTSHSSGEHIICLESNSTQFVSFGGSKLRIHLDIRVGEHDLDAAIVQAKDK
VNEVTFKLQHLIEQVEQILKEQDYQRDREENFRITSEDTNRNVLWWAFAQILIFISVGIFQMKHLKDFFI
AKKLV
>Mm_p24a2
MAAVRGVRVVGSSPGLLLGRGMRAFLLLLWLAARGSALYFHIGETEKKCFIEEIPDETMVIGNYRTQLYD
KQREEYQPATPGLGMFVEVKDPEDKVILARQYGSEGRFTFTSHTPGEHQICLHSNSTKFSLFAGGMLRVH
LDIQVGEHANDYAEIAAKDKLSELQLRVRQLVEQVEQIQKEQNYQRWREERFRQTSESTNQRVLWWSILQ
TLILVAIGVWQMRHLKSFFEAKKLV
>Mm_p24a3
MAGVGVGPLQGMVRFGLLVLTVCAACARGLYFHIGETEKRCFIEEIPDETMVIGNYRTQMWDKQKEVFLP
STPGLGMHVEVKDPDGKVVLSRQYGSEGRFTFTSHTPGDHQICLHSNSTRMALFAGGKLRVHLDIQVGEH
ANNYPEIAAKDKLTELQLRARQLLDQVEQIQKEQDYQRYREERFRLTSESTNQRVLWWSIAQTVILILTG
IWQMRHLKSFFEAKKLV
>Mm_p24b1
MVTLAELLALLAALLATASGYFVSIDAHAEECFFERVTSGTKMGLIFEVAEGGFLDIDVEITGPDNKGIY
KGDRESSGKYTFAAHMDGTYKFCFSNRMSTMTPKIVMFTIDIGEAPKGQDMETEAHQNKLEEMINELAVA
MTAVKHEQEYMEVRERIHRAINDNTNSRVVLWSFFEALVLVAMTLGQIYYLKRFFEVRRVV
>Mm_p24g1
MMAAGAAVALALWLLLPAVGVGEAGPPPIQDGEFTFLLPAGRKQCFYQSAPANASLETEYQVIGGAGLDV
DFTLESPQGVLLVSESRKADGVHTVEPTEAGDYRLCFDNSFSTISEKLVFFELIFDSFQDEEEVEGWAEA
VEPEEMLDVKMEDIKESIETMRTRLERSIQMLTLLRAFEARDRNLQEDNLERVNFWSAANVAVLLLVAVL
QVCTLKRFFHDKRPVPT
>Mm_p24g2
MGGRMWLPFPVLLLSALPAALLRGAAGFTPSLDSDFTFTLPAGRKECFYQPMPLKASLEIEYQVLDGGEL
DIDFHLTSPEGRTLVFEQRKSDGVHTIETEDGDYMFCFDNTFSTISEKVIFFELILDNMGEEVQGQEDWK
KYITNTDVLEMKLEDILESINSIKSRLSKSGHIQTLLRAFEARDRNIQESNFDRVNFWSVVNLMVMVVVS
AIQVYTLKSLFEDKRKSRT
>Mm_p24g3
MPRPGSAPRWAAAAGRWGCRLLALLLLLPAPSGGSEITFELPDNAKQCFYEDITQGTKCTLEFQVITGGH
YDVDCRLEDPDGKVLYKEMKKQYDSFTFTASRNGTYKFCFSNEFSTFTHKTVYFDFQVGEDPPLFPSENR
VSALTQMESACVSIHEALKSVIDYQTHFRLREAQGRSRAEDLNTRVAYWSVGEALILLVVSVGQVFLLKS
FFSDKRTTTTRVGS
>Mm_p24g4
MVHEAPHASSFQMLLQLALLLLLRAEPLRSAELTFELPDNAKQCFHEEVEQGVKFSLDYQVITGGHYDVD
CYVEDPRGNVIYRETKKQYDSFTYKTEAKGVYRFCFSNEFSTFSHKTVYFDFQVGDEPPILPDMGNRVTA
LTQMESACVTIHEALKTVIDSQTHYRLREAQDRARAEDLNSRVSYWSVGETIALFVVSFSQVLLLKSFFT
EKRPVNRAVHS
>Mm_p24g5
MFPLLLVAELVVLSLVTSVKSQETDPLHGSKDQPLFRGADRNDFAIVVSPGAIECFWQFADQMGYLYFSY
EVQRILGMSHDRHIVATAHTPQGFLIDTSQDVRGQINFATQETGFYQLCLKNEQNRFSSIQVYLNFGVFY
EGPEVDHKQSQRKQLNDTLDAIKDSTQRVENQVFHMWRFYNYARMRKVADFFLLQSNYTYVNWWSTAQSL
AIVLSGALQLYFLKRLFTASTTDTKKPRC
>Mm_p24d1
MSGLFGPLSRPGPLPSAWLFLLLLGPSSVLGISFHLPVNSRKCLREEIHKDLLVTGAYEITDQSGGAGGL
RTHLKITDSAGHILYAKEDATKGKFAFTTEDYDMFEVCFESKGTGRIPDQLVILDMKHGVEAKNYEEIAK
VEKLKPLEVELRRLEDLSESIVNDFAYMKKREEEMRDTNESTNTRVLYFSIFSMFCLIGLATWQVFYLRR
FFKAKKLIE
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Xenopus tropicalis
>Xt_p24a1
MNPIIAPYIMFLFFWPLSSAMYFHVAEKEEKCLIEDLPSETLVTGGRYKIQKWDLKEHDFLPSAPGLGMV
VTVTAPNGEVVLLSKLYGPDGKFTFTSHSPGEHTICLQSNSTNLIAFVSNKLRIHFDIQSGENPLDFHII
NAKDKVKEVTYGLEHLRGEINHIIKQQEYQRQEREEHYRGKSEETNNNVLWWAIIQTAILTSVGIWQIKH
FKDFLIAKKVV
>Xt_p24a2
MAAGGVLLLLAACFGPAFSLYFHIGETEKKCFIEEIPDETMVVGNYRTQMFDKQREDYLPATPGLGMFVE
VKDPDDKVILSRQYGSEGRFTFTSHTPGEHQICLHSNSTKFALFAGGMLRVHLDIQVGEHANDYVDIAAK
DKLNTLQLRVRQLIEQVEQIQKEQNYQRWREERFRQTSESTSQRVLWWSIAQTLILVTIGVWQMKHLKGF
FEAKKLV
>Xt_p24a3
MFLLLLGILQFGLSRGLYFHIGETEKRCFIEEIPDETMVIGNYKTQLWDKQSETFLPSTPGLGMHVEVKD
SDGKVILSRQYGSEGRFTFTSHTPGEHQICLHSNSTRMSFFAGGKLRVHLDIQIGEHTNNYPEIAAKDKL
TELQLRVRQLLDQVEQIQKEQNYQRYREERFRLTSESTNQRVLWWSIAQTLILILTGIWQMRHLKSFFEA
KKLV
>Xt_p24b1
MFTLSELVALLCFFSATASGYFVSIDAHAEECFFEQVTSGTKMGLIFEVAEGGFLDIDVEITGPDNKGIH
KGDRESSGKYTFAAHMDGTYKFCFSNRMSTMTPKIVMFTIDIGEAPKGQDMETEAHQNKLEEMINELAVA
MTAVKHEQEYMEVRERIHRAINDNTNSRVVLWSFFEALVLVAMTLGQIYYLKRFFEVRRVV
>Xt_p24g1
MAWSSSFLFIVLPLAAAVAVQPQDTELTFLLPAGRQECFYQTTLYNGSMEIEYQVIGGAGLDVDFSVTTP
SGILLIMERRRSDGVHTVEPTEAGDYMICFDNSFSTISEKLVFFELIFDNQQGDEEPDSWADVVEPDELL
DIKLEDIKESIESVKSRLERSIQMQTVLRAFEARDRNLQDSNLERVNFWSAINVGVLVTVAFLQVYMLKS
LFDDKRKIRT
>Xt_p24g2
MGKEAVLFLMLTHYTVRHCMGFSQSVDSDYTFTLPAGQKECFFQPMKRDATLEIEYQVLDGAGLDVDFSL
TSPNGELLLSEERQSDGVHSVETIDGDYQFCFDNSFSRMSEKVIFFELILDHLNDEGNELEDWKSYITGT
DLLDMKLEDILETINSVKGRLTKSAQIQTLLKAFEARDRNLQESNFERVTFWSVFNLTVMVVVSALQVYM
LRSLFEDKEK
>Xt_p24g3
MWRLQGLVKEFRWWSFLSFVLFSLGCVRASELTFELPDNAKQCFYEDITQGTKCTLEFQVITGGHYDVDC
RLEDPDGIVLYKEMKKQYDSFTFTATRNGTYKFCFSNEFSTFTHKTVYFDFQVGDDPPLFPNENRATALT
QMESSCVSIHEALKSVIDYQTHFRLREAQGRSRAEDLNSRVAYWSIGEAIILLVVSIGQVFLLKSFFSDK
RTTTTRVGS
>Xt_p24g5
MLPVVVFLLAHLLFSTAQKSEPLSDPNAQSLFRGADRYDFAVLLGPGGTECFWHFAHQEGYFYYGYEVQW
TSGIMQNRHVTASAFTPEGFQIEQSQDTRGQINFKTKETGFYQICVNNWQNSFGQAQVYLNFGVFYDGVG
PEHVEDQKQKLNDTLVTIEESAQIVQNRVLHMWRYYNFARMRKGSDYYILLSNYHYVNWWSASQSVLIVA
SGVLQLYFLKRLFNVKTTTDSQKPRC
>Xt_p24d1
MARLLPVLFALLFCGYVQPISFSLPPNSRKCLREEIHKNVLVTGEYELSEAHNQGQVRLKITDSAGHILY
SKEDASKGKFAFTTEEYDMFEVCFDSKLPAGAGRVPDQMVNLIMKHGVEAKNYEEIAKVEKLKPLEVELR
RLEDLSESIVNDFAYMKKREEEMRDTNESTNVRVLYFSIFSMCCLMGLATWQVFYLRRFFKAKKLIE
>Xt_p24d2
MIWPLLLLVPCFLLPGTGAISFYLRPLGKKCLKEEIHKDVLVTGEYEVSEQPGLTCDLKVTDSIGHILYS
KEDARKGKFAFTTDDNDVYEVCFVSKSPSDTLSFTDQLIALDIKHGVEAKNYKDVAETEKLKPLEVELRR
LEDLTQSVVKDFSYMKKREEEMRDTNESTSLRVLYFSAFSMFCLVALATWQVFYLRHFFKAKKLIE
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Zebrafi sh / Teleost fi sh
>Dr_p24a1
MYFDLGEQEEKCIIEEIPVDTLVTGVFRLEYWDENKKSNTPQLGLTVTVRDPQHEVVLLKRFGRYGKFTF
TSPASGQHFLCMQSNSTRFSVFAGDRLKVHLDVQMGEHTIDPNAAKTKDTIKAMEYNLQHLIDQMRYISR
QQDFQREREEKFRQMSEETNGNVLWWAIIQTSILLSVGFWQMKNLKDFFIEKKLV
>Dr_p24a2
MVAIRMQFTLYFLVLLNIYNSLVSALYFHIGETEKKCFIEEIPDETMIIGNYRTQLYDKQKEEYLPATQG
LGMFVEVKDPDEKVILSRQYGSEGRFIFTSHTPGEHQICLHSNSSKFALFAGGMLRVHLDIQVGEHTNNY
AEIAAKDKLTELQLRVRQLMEQVDQIQKEQNYQRYREERFRQTSESTNQRVLWWSIVQTLILVAIGFWQM
RHLKSFFEAKKLV
>Dr_p24a3
MKTLVSCVGFLLLFVWLSPSQALYFHIGETEKKCFIEEIPDETMVIGRYRTQLWDKQAGSFLPSTPGLGM
HVEIKDPETKVILSRQYGSDGRFTFTSHTPGEHQICLHSNSTKMALFAGGKLRVHLDIQVGEHTNNYPEI
AAKDKLTELQLRVRQLLDQVEQIQKEQNYQRYREERFRMTSESTNQRVLWWSIAQTVILIITGIWQMKHL
KSFFEAKKLV
>Dr_p24b1
MFTFSELIVLLCALSYTASGYFVSIDAHAEECFYERVNSGTKMSLMFEVAEGGFLDIDVKITGPDGKQIY
KGDRESSGKYSVAAHMDGTYKFCFSNEMSTMTPKIVMFTIDIGEAPKGQDMETEAHQNKLEEMINELAVA
MTAVKHEQEYMEVRERIHRAINDNTNSRVVLWSFFEALVLVAMTLGQIYYLKRFFEVRRVV
>Dr_p24g1A
MDETRLAVCFLSFLTLCLDLGFTFGQNKDTEFTFLLPAGATECFFQTATKNSSMEVEYQVIAGSGLDVGF
TLISPRGYRLVSDFRKSDGIHTVDSTEEGDYRICFDNSFSRISEKMVYVEVIMDGPEGEDEDDEDWAALA
EPEDSLEYKLEDIRDSMDAVHKSLERSRQLQTTLRAFEARDRYLLEDNLWRVSFWSCASLLVMISVALTQ
VYTLRRLFNDKHKVCT
>Dr_p24g1B
MDDTRRMCASLLGYVTLLFGAVNAFSPADTEFTFLLPAASKECFYQSAVHNGSVEIEYQVIAGAGMDVDF
SVVSPQGIHLISEFRRSDGVHMVEPTEEGDYQICFDNTFSRLSEKMVFFEVILDHPSNDAGADDEWAGLG
EPESILEYKLDDIKESMETVHRRLERSRQMQTFLRAFEARDRNLLEDNLWRVSFWSCVNLLVLLSVAFIQ
VYTLRRLFDDKRRVYT
>Dr_p24g2
MRWSMEVLRACVACLSVCVSLASAFSQSLDSDFTFTLAAGRRECFFQTMKKDASLEIEYQVLDGASLDVD
FQLNSPSGHIIASDYRKSDGVHTVETEEGDYMFCFDNTFSAVSEKVIFFELILDNMGEDEESEDWKAYVQ
GADLLDMKLEDIMDTINNVKSRLGKSLQIQTLLRAFEARDRNLQESNYERVNLWSCTNVLVMVIVSGVQV
YLLRSLFEDKTKTRT
>Dr_p24g3
MAGSSLSSWLLPLFVQVVMMKVGLSSASELTFELPDNAKQCFYEDITIGTKCTLEFQVVTGGHYDVDCRL
EDPEGTVLYKEMKKQYDSFTFSAARNGTYKFCFSNEFSTFTHKTVYFDFQVGDDPPLFPNENRVTALTQM
ESACVSIHEALKSVMDYQTHFRLREAQGRSRAEDLNSRVAFWSVGEALILLVVSVSQVLLLRSFFSDRKT
TTTRMGS
>Dr_p24g4
MRHSFLLLAVYIAFVNATELTFELPDNEKQCFYEELEQGVKFDIDFQVIAGGNYDVDCFVTDPINNMLYQ
ERKKQYDSFSHTTVMKGVYKVCFSNEFSTFSHKTVYLDFRSGEDDRLFPDQNRATALTQMESACLSIHEI
LKVVSDSQTWYRLREAQDRLRAEDLHERVHFWSIGETVILFVVCIGQVLMLKSFFNEKKTGVSTST
>Tn_p24g5
RTPPHPDISDQQLFWGADQYDFSVVLRAEALECFWHFAHQGETFYLNFMRAPPVPPSMIPEVRFQLPGPR
KQVFSFYQMCCSNFHNHFGSMQVFLSFGVYYEGSQDSAHLKEEDQKKKEEASRALNSTLSIIQSSTHRVE
VHVFHMFRHYSFGRMRKSADHFLLLSNSQYISWWSTALSLLIVTSGYLQLLFLKRLFVTRLSGEDGRPRC
>Dr_p24d1
MARFRVLLLSLSLLFVIQSVLSISFYLPVRSRKCLREEIHKDVLVTGEYEISEQPNTKTNLKITDSSGHI
LYVKEDATKGKFAFTTEDYDMFEVCFESKSPMGTGRVPDQQINLDMKHGVEAKNYEEIAKVEKLKPLEVE
LRRLEDLSESIVNDFAYMKKREEEMRDTNESTNTRVLYFSIFSMCCLIGLATWQVFYLRRFFKAKKLIE
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Drosophila melanogaster
>Dm_Eclair
MRDQFISLALILCVLHSACGLYFHISETERKCFIEEVPDETTVIVNYKVELYDPRSNGFMPSSPGIGMHV
EVRDSDDKIVLSRVYSSQGRISFTSHTPGEHVICMFSNSTAWFSGAQLRVHLDIQVGEHAIDYAHVAQKE
KLTELQLRIRQLLDQVEQITKEQNYQRYREERFRHTSESTNSRVLWWSLAQTVVLVCMGFWQMRHLKSFF
EAKKLV
>Dm_CG3564
MESTLAKVLLLVGSLLILCRTSHAFIVSVDAHNEECFFENVEGGTKFGVTFEVIDGGFLDVDIKISGPDN
HVMHESEKESSGKYTFVAPAKGTYTVCFNNERSSMTPKLVMFSIDVGDAPQRAPGAPGEEEVGHTKLEDM
IRELSGTLTSVKHEQEYMHVRDKIHRSVNENTNSRVVLWSTFEALVLVLMTVGQVYYLKRFFEVKRVV
>Dm_CG9308
MLSAIVLVLVLFQAACGFIVTLDAHETMCFYDHANVSDKVTVSFEVMEGGFKDVGVEIAGPDDDRLHHSK
QDTMGSFTFTAMKEGRYQLCFDNKMSTMTPKILMFQFHVARAIEFYMDSSKRVDDVIEQATVQSMINQLS
AKLGAVKMEQEYMHFRYRGHLEVSDMVELRVLAWSIFGPMMLIITAVLEVYYLKHFFEVKRVV
>Dm_Logjam
MQLTWQRDQINLVLPIALICCCLLIDVTSAQEAQQPWYENLPAVAMDYKVHIDAGKEDCYHQYVKAGATF
YVSFSVVRGGDGMAGFAVRNPAGEVVKPYQWQATADYTDQVSPGGYYSVCIDNQFSRFAGKLVNIYITVV
KYDAWDKYAKEIEQLQLNMQNFTATVGTVERNINDMMGYQAHSRHRESRDYALLLDNNAYIQTFSISQIV
VILITCSVQVFFVRKLFEVKSSSKSRI
>Dm_CG1967
MNTQIVVFAVALMMHCISAVEFTFDLADNAVDCFYEEIKKNSSAYFEFQVSAGGQLDVDVTLKDPQGKVI
YSLEKATFDSHQFVAETTGVYTACFGNQFSAFSHKIVYVDFQVGEEPALPGVDEHATVLTQMETSSQAIH
KGLNDILDAQTHHRLREAQGRKRAEDLNQRVMVWSSLETAAVIVIGLVQIMVLRNFFTDRKPSQAHYGRL
>Dm_CG9053
MQAIWLGMPGLVLLLSIAALLLGVQDAEAYDKEMTVYVDAGKTECLYHSVRQGETIDFEYQVIDGGHGDL
DISFTLLDPIGLVIVSDFKKPENVHRHEVAKEGDYRFCFDNSFSMFNRKTVFFELIVEREGEELQGDTQW
NEADELTGLSRDEYYDMKVQDIMDFIGRIRLQLTKARQLQDVLRSHEARDRNLAESNFQKVNHWSMVQIS
AMIGVGLIQVFMLRSIFATGGRMHNLWRKLGI
>Dm_CG31787
MFRIARVIWLLQLLLLLDLKFSNAEPHNKQLTVFAEAGRQECFYQPIATTENIKIDYQVIHGGLGETHIN
FNLMDPSRRLLIAETKRQMGKHSIQANETGSYKFCFDNTISTFNQKIVSFTLEVAPADREERELRDLRQE
MLTDYHFDVAYTGIDSYVGKIHVNLMRSRQTQDFIRAIEARDRNVAESTYSMVNKWSWAQFLSMIFVGFL
QVLMVRSIFNTTGTFYKFWKSF
>Dm_Baiser
MARAAFIVCLLMACAWSSHAVMFKLSPNTQKCLKEDIQANQLVMGEFEVSDVPGQIIDYIARDTKGHILS
QKEHITKGKFSFMSEVYDTYEICFISKVPAHQRGVIQEVSLLTKKGVETKSYEGIGEASKLKPLEVDLKR
LEDLSDSIVRDFVLMRKREEEMRDTNEKTNSRVLFFSIFSMCCLLGLATWQVLYLRRYFKAKKLIE
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Saccharomyces cerevisiae
>Ss_Emp24
MASFATKFVIACFLFFSASAHNVLLPAYGRRCFFEDLSKGDELSISFQFGDRNPQSSSQLTGDFIIYGPE
RHEVLKTVRDTSHGEITLSAPYKGHFQYCFLNENTGIETKDVTFNIHGVVYVDLDDPNTNTLDSAVRKLS
KLTREVKDEQSYIVIRERTHRNTAESTNDRVKWWSIFQLGVVIANSLFQIYYLRRFFEVTSLV
>Ss_Erv25
MQVLQLWLTTLISLVVAVQGLHFDIAASTDPEQVCIRDFVTEGQLVVADIHSDGSVGDGQKLNLFVRDSV
GNEYRRKRDFAGDVRVAFTAPSSTAFDVCFENQAQYRGRSLSRAIELDIESGAEARDWNKISANEKLKPI
EVELRRVEEITDEIVDELTYLKNREERLRDTNESTNRRVRNFSILVIIVLSSLGVWQVNYLKNYFKTKHI
I
>Ss_Erp1
MLLTSLLQVFACCLVLPAQVTAFYYYTSGAERKCFHKELSKGTLFQATYKAQIYDDQLQNYRDAGAQDFG
VLIDIEETFDDNHLVVHQKGSASGDLTFLASDSGEHKICIQPEAGGWLIKAKTKIDVEFQVGSDEKLDSK
GKATIDILHAKVNVLNSKIGEIRREQKLMRDREATFRDASEAVNSRAMWWIVIQLIVLAVTCGWQMKHLG
KFFVKQKIL
>Ss_Erp2
MIKSTIALPSFFIVLILALVNSVAASSSYAPVAISLPAFSKECLYYDMVTEDDSLAVGYQVLTGGNFEID
FDITAPDGSVITSEKQKKYSDFLLKSFGVGKYTFCFSNNYGTALKKVEITLEKEKTLTDEHEADVNNDDI
IANNAVEEIDRNLNKITKTLNYLRAREWRNMSTVNSTESRLTWLSILIIIIIAVISIAQVLLIQFLFTGR
QKNYV
>Ss_Erp3
MSNLCVLFFQFFFLAQFFAEASPLTFELNKGRKECLYTLTPEIDCTISYYFAVQQGESNDFDVNYEIFAP
DDKNKPIIERSGERQGEWSFIGQHKGEYAICFYGGKAHDKIVDLDFKYNCERQDDIRNERRKARKAQRNL
RDSKTDPLQDSVENSIDTIERQLHVLERNIQYYKSRNTRNHHTVCSTEHRIVMFSIYGILLIIGMSCAQI
AILEFIFRESRKHNV
>Ss_Erp4
MRVFTLIAILFSSSLLTHAFSSNYAPVGISLPAFTKECLYYDLSSDKDVLVVSYQVLTGGNFEIDFDITA
PDGSVIVTERQKKHSDFLLKSFGIGKYTFCLSNNYGTSPKKVEITLEKEKEIVSSHESKEDIIANNAIEE
IDRNLNKITKTMDYLRAREWRNMYTVSSTESRLTWLSLLIMGVMVGISIVQALIIQFFFTSRQKNYV
>Ss_Erp5
MKYNIVHGICLLFAITQAVGAVHFYAKSGETKCFYEHLSRGNLLIGDLDLYVEKDGLFEEDPESSLTITV
DETFDNDHRVLNQKNSHTGDVTFTALDTGEHRFCFTPFYSKKSATLRVFIELEIGNVEALDSKKKEDMNS
LKGRVGQLTQRLSSIRKEQDAIREKEAEFRNQSESANSKIMTWSVFQLLILLGTCAFQLRYLKNFFVKQK
VV
>Ss_Erp6
MLSHYIFLAFVLLPFRVSAFYFYGYGGDRKCFLKELSKDTLLKGSYNLEVYDDKLADYALPSYNDYGIVI
DVEEVFDNNHRVVHQQGSPSGDFSFLALESGEYKICLQSRVNNWVGKTKTKLEIEFEVGFEAMLDMQRKE
TLESLHGKVSILNSKIVDIRREQQLMREREESFRDISESVNSRAMWWTVTQVTLLIIICVWQMKSLRSFF
VKQKVL
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Arabidopsis thaliana
>AT1G09580.1
MKMTAKMRREFPTAFLLLFLVPVMIPVGEAVWLDVPPTGTKCVSEEIQSNVVVLADYLIISEDHEVMPTI
SVKVTSPYGNNLHNMENVTHGQFAFTTQESGNYLACFWADEKSHGNKNVSINIDWRTGIAAKDWASIAKK
EKIEGVELEIRKLEGAVEAIHENILYLRNREADMRTMSEKTNSRVAWYSIMSLGVCIAVSGFQVLYLKQY
FEKKKLI
>AT1G57620.1
MKKKMIPTTILLSALIFSLSPICEAVWLTVPHTGSKCVSEEIQSNVIVLADYLVISEEHSIFPTVSVKVT
APYGTVLHHRENTTNGQFAFTTQESGTYLACFEADAKSHGNKDFSINIDWKTGIAAKDWDSIARKEKIEG
VELEFKKLEGAVEAIHENLIYLRNREAEMRIVSEKTNSRVAWYSIMSLGICIVVSGLQILYLKQYFEKKK
LI
>AT1G21900.1
MAINRIAHGSLFLTVVLFFLTVNYGEAIWLTIPTTGGTKCVSEEIQSNVVVLADYYVVDEHNPENTPAVS
SKVTSPYGNNLHHQENVTHGQFAFTTQEAGNYLACFWIDSSHHLANPITLGVDWKMGIAAKDWDSVAKKE
KIEGVELQLRRLEGLVLSIRENLNYIKDREAEMREVSETTNSRVAWFSIMSLGVCVVVVGSQILYLKRYF
HKKKLI
>AT3G10780.1
MAISPVLFIGLIYLAGGGSLFPGVEAIWLTVPESGERCVYEEIQANVVVVLDYICIDDAFTQLGPTLDVR
VTSPYGKELYKIANVTHGQAAFTTSESGTFLACLAMHHDQSHHSVNSSVIVSLDWKMGIRAKDWDSVAKK
EKIEAMELEIRRSTEYASAIRANILYLRIREAYMREINEKTNTRVNQLGLMSLGVAIVVSISQVLYLKRY
FLKKKLI
>AT1G14010.1
MNHRRSSIVLLILSILSPVTLSIRYELLSGHTKCISEEIHANAMTIGKYSIINPHEDHPLPSSHKVTVRV
TSPQGTAYHESDGVESGQFSFVAVETGDYISCFSAVDHKPETTLIIDFDWRTGIHTKDWSNVAKKSQVET
MEFEVKKLFETVNGIHDEMFYLRDREEEMHNLNIATNSKMAWLSFVSLAVCLSVAGLQFWHLKTFFQKKK
LI
>AT2G03290.X
MDLRRSSILLLIIALLSPRTLSMRYELKSSKTKCIGEEIHENAMSIGKYFIVNPNEDNHPLPDSHKIIVK
VMPPQGKNLHEADKVEAGQFSFTAYENGSYVACITAIDYKPETTLTIDFDWKTGVHSKEWTNVAKKSQVD
MMEYQVKTLMDTVISIHEEMYYLREREEEMQELNRSTNSKMAWLSFGSLVVCLSVAGLQFWHLKTFFEKK
KLI
>AT1G26690.1
MFLRSLNLCTILLFLAISSQVSQSLHFELQSGRTKCISEDIKSNSMTVGKYTVVNPNEAHPSPQSHKISI
RVTSSYGNTYHHAEDVESGQFAFTAVESGDYMACYTAVDHKPEVTLSIDFDWRTGVQSKSWSSVAKKSQV
EVMEFDVKRLIETVNSIHEEMFYLREREEEMQNLNRATNSKMAWLSFLSLFVCLGVAGMQFVHLKTFFEK
KKVI
>AT1G69460.1
MFLQSQKLWTMLLILAIWSPISHSLHFDLHSGRTKCIAEDIKSNSMTVGKYNIDNPHEGQALPQTHKISV
KVTSNSGNNYHHAEQVDSGQFAFSAVEAGDYMACFTAVDHKPEVSLSIDFEWKTGVQSKSWANVAKKSQV
EVMEFEVKSLLDTVNSIHEEMYYLRDREEEMQDLNRSTNTKMAWLSVLSFFVCIGVAGMQFLHLKTFFEK
KKVI
>AT3G29070.1
MDLLPSRYKIHKTKLRWILTMMTMMMMMVMRRGESMRLDMESGNTKCISDDIKTNYMTVGTYSIVNPNEG
HHLPPSHKLFVTVSSPKGKSHHHAENVESGKFVFTAEETGDYMTCFVAPGYRPTAKFAVDFEWKSGVEAK
DWTTIAKRGQITMLEVEVRKLLDVTETIHEEMFQLIEREREMQELNRSTNSRMAALSLLSFVVTMSVAGL
QLRHLKSFLERKKLL
>AT3G07680.1
MSLKGTIVLLGLLWSFQATLGIRFVIDREECFSHKAEYEGDTLHVSFVVIKSDSQWHFNEDGVDLVIHGP
TGEQIHDFREQISAKHDFVVQKKGVYRFCFTNKSPYHETIDFDVQLGHFAYYDQHAKDEHFTPLMEQISK
LEEALYNIQFEQHWLEAQTDRQAIVNENMSKRAVHKALFESFALIGASFLQVYLLRRLFERKLGMSRV
>AT3G22845.1
MERRQAKIHVFVLIGLILLNSINQISSLSVTVNDEECVQEYVLYEGDTVSGNFVVVDHDIFWGSDHPGLD
FTVTSPAGNIVQTLKGTSGDKFEFKAPKSGMYKFCFHNPYSTPETVSFYIHVGHIPNEHDLAKDEHLDPV
NVKIAELREALESVVAEQKYLKARDTRHRHTNESTRKRVIFYTVGEYIFLAAASGLQVLYIRKLFSKSVA
YNRV
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ABSTRACT
The p24 family is thought to be somehow involved in endoplasmic reti culum (ER)-
to-Golgi protein transport. A subset of the p24 proteins (p243, -1, -3 and -2) is 
upregulated when Xenopus laevis intermediate pituitary melanotrope cells are 
physiologically acti vated to produce vast amounts of their major secretory cargo, the 
prohormone proopiomelanocorti n (POMC). Here we fi nd that transgene expression 
of p243 or p242 specifi cally in the Xenopus melanotrope cells in both cases causes an 
eﬀ ecti ve displacement of the endogenous p24 proteins, resulti ng in severely distorted 
p24 systems and disparate melanotrope cell phenotypes. Transgene expression of 
p243 greatly reduces POMC transport and leads to accumulati on of the prohormone 
in large, ER-localised electron-dense structures, whereas p242-transgenesis does 
not infl uence the overall ultrastructure of the cells nor POMC transport and cleavage, 
but aﬀ ects the Golgi-based processes of POMC glycomaturati on and sulphati on. 
Thus, transgenic expression of two disti nct p24 family members has disparate eﬀ ects 
on secretory pathway functi oning, illustrati ng the specifi city and non-redundancy 
of our transgenic approach. We conclude that members of the p24 family furnish 
subcompartments of the secretory pathway with specifi c sets of machinery cargo 
to provide the proper microenvironments for eﬃ  cient and correct secretory protein 
transport and processing.
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INTRODUCTION
The secretory pathway consists of a number of disti nct membrane-bounded 
subcompartments that have specialised functi ons in the process of protein 
biosynthesis (Palade, 1975). Proteins that pass through the subcompartments 
undergo various postt ranslati onal modifi cati ons (e.g. glycosylati on, sulphati on and 
proteolyti c cleavage) that are essenti al for their biological acti vity. The biosyntheti c 
process includes the selecti ve packaging of proteins from the endoplasmic reti culum 
(ER) into vesicles for delivery to the subcompartments. Members of the p24 family of 
type-I transmembrane proteins are thought to be somehow involved in the traﬃ  cking 
events between the ER and the Golgi (Carney and Bowen, 2004).
The p24 proteins have been found to be abundantly present in transport vesicles 
coated with the COPI- or COPII-coat protein complex as well as in ER, intermediate 
compartment and cis-Golgi membranes, whereby they shutt le constantly between 
these subcompartments [reviewed in Emery et al. (1999); Carney and Bowen 
(2004)]. The ~24K p24 proteins consti tute a family that can be subdivided into four 
subfamilies (p24, ,  and ) (Dominguez et al., 1998), with each family member 
displaying multi ple domains conserved from yeast to mammals [reviewed in Carney 
and Bowen (2004)]. In view of their structural resemblance, the various members 
of the p24 family likely have similar functi ons. The p24 proteins have been primarily 
proposed to act as receptors for specifi c sets of secretory cargo molecules (cargo 
receptor model) (Stamnes et al., 1995). In this report, “secretory cargo” refers to the 
biologically acti ve transmembrane and soluble proteins that are transported to the 
plasma membrane or extracellular matrix as well as to the bioacti ve soluble proteins 
that are secreted into the extracellular space, whereas the machinery proteins or 
lipids that are supplied to subcompartments of the secretory pathway to provide 
the proper microenvironments for eﬃ  cient and correct transport and processing of 
the secretory cargo are designated “machinery cargo”. Studies in yeast lacking one 
or more p24 proteins have indeed indicated that p24 plays a role in the anterograde 
transport of some (Gas1p and invertase), but not all (-factor, acid phosphatase, 
carboxypepti dase Y, alkaline phosphatase and Gap1p) secretory cargo (Schimmöller 
et al., 1995; Stamnes et al., 1995; Belden and Barlowe, 1996; Marzioch et al., 1999; 
Muñiz et al., 2000). Furthermore, when injected into mammalian cells in culture 
anti bodies against the cytoplasmic tail of p23 (p241) inhibited the transport of the 
secretory cargo protein VSV-G (Rojo et al., 1997). Based on a variety of functi onal 
studies, alternati ve roles for p24 have been proposed, including its involvement in 
the biogenesis and proper functi oning of transport vesicles and in the organisati on of 
membranes of the secretory pathway (Rojo et al., 1997; Gommel et al., 1999; Lavoie 
et al., 1999; Rojo et al., 2000; Emery et al., 2003). Surprisingly, an octuple yeast 
knock-out strain lacking all p24 proteins was viable (Springer et al., 2000), whereas 
homozygous p23 (p241) knock-out mice died early in embryonic development 
(Denzel et al., 2000). Thus, studies on the role of p24 in the early secretory pathway 
have not provided conclusive answers.
In general, the outcome of a functi onal study is greatly determined by the availability 
of a well-defi ned model system. To explore the role of p24 proteins, we therefore 
decided to use the intermediate pituitary melanotrope cells of the amphibian 
Xenopus laevis as a cell model to study protein transport in a physiological context. 
The Xenopus melanotrope cells produce -melanophore-sti mulati ng hormone 
(-MSH), which mediates the process of background adaptati on of the animal. 
The biosyntheti c and secretory acti vity of the melanotrope cells can be modulated 
by placing the frogs on a white (inacti ve melanotrope cells) or black (highly acti ve 
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RESULTS
Generati on of Xenopus laevis with stable transgene expression of p24α3 or p24δ2 
specifi cally in the melanotrope cells
For our functi onal studies on p24, we generated Xenopus laevis transgenic for the 
p243 or the p242 protein. In order to drive transgene expression specifi cally to the 
melanotrope cells of the Xenopus intermediate pituitary, we made DNA-constructs 
containing a 529-bp Xenopus laevis POMC gene A promoter fragment [pPOMC 
(Jansen et al., 2002)] in front of Xenopus laevis p243 or p242 cDNA. To allow direct 
selecti on of embryos expressing the transgene, we fused GFP to the C-terminus of 
p243 and p242. The linearised DNA-constructs (pPOMC-p243-GFP, Figure 1A or 
pPOMC-p242-GFP, Figure 1B) were mixed with wild-type Xenopus sperm nuclei 
and the mixtures were microinjected into unferti lised wild-type Xenopus eggs. We 
generated three independent transgenic F0 frogs for p243-GFP (#55, #602 and #605) 
and four independent transgenic F0 animals for p242-GFP (#115, #124, #125 and 
#224). Next, F1 oﬀ spring was produced by in vitro ferti lisati on of eggs harvested from 
wild-type females with sperm isolated from the testes of individual transgenic males 
or by in vitro ferti lisati on of eggs harvested from individual transgenic females with 
sperm isolated from the testes of wild-type males. Expression of the transgenes 
specifi cally in the intermediate pituitary could readily and directly be observed in 
living tadpoles (Figure 1C) and in adult frogs aft er lift ing the brain (Figure 1D).
We [in line #124 p242-transgenic Xenopus (Bouw et al., 2004)] and others [in 
heterozygous p24 knock-out mice (Denzel et al., 2000), by p24 knock-down in 
mammalian cells in culture (Chen et al., 2006; Vetrivel et al., 2007) and in p24 
knock-out yeast (Belden and Barlowe, 1996; Marzioch et al., 1999)] have observed 
that manipulati on of the expression of a single p24 family member interferes 
with the endogenous p24 system and aﬀ ects the steady-state levels of the other 
p24 family members. We therefore studied in the melanotrope cells of the three 
p243- and four p242-transgenic Xenopus lines the steady-state levels of members 
melanotrope cells) background. The manipulati on of the acti vity of the melanotrope 
cells is strictly regulated by inhibitory and sti mulatory neurons of hypothalamic 
origin. Upon acti vati on, the melanotrope cells produce and proteolyti cally cleave 
vast amounts of the prohormone proopiomelanocorti n (POMC), the precursor of a 
number of bioacti ve pepti des, including -MSH [reviewed by Kuiper and Martens 
(2000)]. In the acti vated melanotrope cells, proteins upregulated together with 
POMC are thought to play a role in the biosynthesis of the prohormone (Holthuis 
et al., 1995a) and include a subset of p24 proteins, namely p243, p241, p243 and 
p242. Two other members of the p24 family (p242 and p241) are expressed in the 
melanotrope cells as well, but not co-ordinately with POMC (Rött er et al., 2002). 
To examine the role of p24 in the biosynthesis of POMC, we chose to generate and 
analyse Xenopus lines with transgene expression of p243 or p242, i.e. two p24s 
of the upregulated set. We used a POMC gene promoter fragment to target the 
expression of the transgenes specifi cally to the melanotrope cells (Jansen et al., 2002), 
leaving the regulati on of these cells by hypothalamic neurons intact. We fi nd that 
the p243- and p242-trangenic frogs have disti nct melanotrope cell phenotypes in 
that POMC transport and processing was diﬀ erently aﬀ ected, allowing us to conclude 
that p243 and p242 have non-redundant roles in maintaining the functi onal and 
structural integrity of the secretory pathway.
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of the endogenous p24 protein family. In the melanotrope cells of the three lines 
transgenic for the p243-GFP fusion protein, the transgene product eﬀ ecti vely 
displaced the endogenous p243, 1, 3, 1 and 2 proteins (75-90% displacement; 
n=4; Figure 2A and data not shown). We selected line #55 to further study the eﬀ ect 
of p243 transgene expression on the functi oning of the melanotrope cells. In the 
transgenic melanotrope cells of line #224, the p242-GFP fusion protein displaced the 
endogenous p24 proteins similarly eﬀ ecti ve (70-98% displacement; n=4; Figure 2A). 
This degree of displacement was higher than that in the previously described p242-
transgenic melanotrope cells of lines #115, #125 and #124 (Bouw et al., 2004). We 
therefore decided to select p242-transgenic line #224 for further functi onal analysis. 
Surprisingly, whereas the level of expression of the p243-GFP fusion protein was ~6 
ti mes lower than that of p242-GFP (n=11; Figure 2B), the p243 and p242 fusion 
proteins were similarly eﬀ ecti ve in displacing the endogenous p24 proteins.
We next investi gated the localisati on of the fusion proteins within the transgenic 
melanotrope cells by immuno-electron microscopy (IEM) using an anti -GFP anti body. 
In the p243-transgenic melanotrope cells, the majority of the transgene product 
was found in ER-localised electron-dense structures (EDS, Figure 2C) in which we also 
observed POMC (see below). In the p242-transgenic cells, the gold-label was detected 
mostly on the ER and the Golgi (Figure 2D), indicati ng cycling of the fusion protein 
Figure 1. Generati on of Xenopus with transgene expression of p24α3 or p24δ2 
specifi cally in the melanotrope cells
A and B, Schemati c representati on of the linear injecti on fragments pPOMC-
p243-GFP (A) and pPOMC-p242-GFP (B) containing a Xenopus POMC gene 
promoter fragment (pPOMC) and the protein-coding sequence of p243-GFP 
(transgenic lines #605, #55 and #602) or p242-GFP (lines #125, #115, #124 and 
#224); pPOMC drives transgene expression specifi cally to the melanotrope cells. 
C, Pituitary-specifi c GFP-fl uorescence (arrows) in living tadpoles transgenic for 
p243 (line #55) or p242 (line #224); G, gut; E, eye; N, nose. D, Fluorescence 
in the intermediate lobe (IL) and not in the anterior lobe (AL) of the pituitary of 
adult frogs transgenic for p243 (#55) or p242 (#224). A colour version of this 
fi gure is printed on page 172.
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between these compartments and in line with our previous observati on of ER/Golgi 
localisati on of the transgene product in line #124 p242–transgenic melanotrope cells 
(Bouw et al., 2004) and consistent with the localisati on of endogenous p24 proteins 
[reviewed in Emery et al. (1999)].
Together, the studies on the steady-state p24 protein levels showed that in the p243- 
and p242-transgenic melanotrope cells the enti re set of endogenous p24 proteins 
was nearly completely displaced by the transgene product and therefore the fusion 
protein was essenti ally the only p24 protein available to the transgenic cells.
Steady-state levels of secretory cargo proteins in the transgenic Xenopus 
melanotrope cells
To study the eﬀ ect of the transgene expression of p243 or p242 on the functi oning 
of the secretory pathway, we fi rst examined the steady-state levels of the soluble 
secretory cargo proteins POMC and its processing enzyme prohormone convertase 
PC2 in the transgenic melanotrope cells. Western blot analysis revealed that the levels 
of the 37K POMC prohormone were signifi cantly increased in the p243-transgenic 
cells (~11-fold; n=6), whereas in the p242-transgenic cells the steady-state levels of 
Figure 2. Analysis of p24α3 or p24δ2 fusion protein expression in transgenic 
Xenopus intermediate pituitary melanotrope cells
A and B, Western blot analysis of neurointermediate lobe lysates from wild-
type frogs (wt) and frogs transgenic for p243 (#55) or p242 (#224) with 
anti -p24 anti bodies (A) or an anti -GFP anti body (B). Tubulin was used as a 
control for equal loading. C and D, Immuno-electron microscopy analysis of 
intermediate pituitary melanotrope cells from frogs transgenic for p243 (#55; 
C) or p242 (#224; D1 and D2) using an anti -GFP anti body. The p243-transgene 
product was mainly present in ER-localised electron-dense structures (EDS; C), 
whereas the p242-transgene product was found on the ER (D1) and on the 
Golgi (D2). G, Golgi; ER, endoplasmic reti culum. Bars equal 200 nm.
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37K POMC were not aﬀ ected (n=6; Figure 3). Furthermore, the proenzyme form of 
PC2 was detected only in the p243-transgenic melanotrope cells, and not in wild-
type and the p242-transgenic cells (Figure 3). We then studied the steady-state levels 
of a transmembrane cargo protein, namely of the type-I transmembrane protein 
amyloid- precursor protein (APP). Xenopus APP is synthesised as an ~100K N-linked 
glycosylated protein that in the Golgi is converted into an ~110K O-glycosylated 
mature protein (Collin et al., 2005). Western blot analysis using anti -APP anti bodies 
showed in wild-type cells an ~5.4-fold (n=4) higher amount of 110K APP than the 
level of immature 100K APP. In the p243-transgenic cells, the level of immature 
100K APP was clearly increased (~1.9-fold; n=4), such that the rati o between 110K 
and 100K APP was ~2.8 (n=4), whereas the rati o between both forms as well as the 
total amount of APP were not signifi cantly aﬀ ected in the p242-transgenic cells 
(n=4; Figure 3). Thus, increased steady-state levels of the unprocessed forms of both 
soluble (POMC, pro-PC2) and transmembrane (APP) cargo proteins were detected in 
the p243-, but not in the p242-, transgenic melanotrope cells. Unfortunately, the 
use of a batt ery of anti bodies against multi ple mammalian ER and Golgi enzymes 
and matrix proteins did not allow us to determine the steady-state levels of these 
proteins in the transgenic cells because of the inability of the anti bodies to cross-
react with the Xenopus orthologs. 
We next investi gated the pepti des produced by POMC cleavage through matrix-
assisted laser-desorpti on-ionisati on ti me-of-fl ight mass spectrometry (MALDI-TOF 
MS). The POMC-derived pepti des des-N--acetyl--MSH (the nonacetylated form 
of -MSH), -MSH, 1-MSH, -MSH and two corti cotrophin-like intermediate lobe 
pepti des (CLIP A and B) were found in wild-type melanotrope cell extracts as well as 
in samples from the p243- and p242-transgenic cells (data not shown), indicati ng 
that both the p243- and the p242-transgenic melanotrope cells converted 37K 
POMC into the same set of bioacti ve pepti des as the wild-type cells.
Biosynthesis of POMC in the transgenic Xenopus melanotrope cells
In view of the observed diﬀ erences in the steady-state protein levels, we next 
wondered whether the biosyntheti c acti vity for POMC producti on was aﬀ ected in the 
transgenic melanotrope cells. From the pituitary (consisti ng of the pars nervosa, and 
the anterior and intermediate lobes), the anterior part can be dissected but the pars 
nervosa is inti mately associated with the intermediate pituitary (the neuroendocrine 
melanotrope cells). For our studies, we therefore used the neurointermediate lobe 
Figure 3. Steady-state levels of secretory cargo 
proteins in wild-type and transgenic Xenopus 
intermediate pituitary cells
Western blot analysis of neurointermediate 
lobe (NIL) lysates from wild-type frogs (wt) and 
frogs transgenic for p243 (#55) or p242 (#224) 
using anti bodies directed against the soluble 
cargo proteins proopiomelanocorti n (POMC) 
and prohormone convertase 2 (PC2), and the 
transmembrane cargo amyloid- precursor protein 
(APP). Tubulin was used as a control for equal 
loading.
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(NIL; pars nervosa plus intermediate lobe) of the pituitary to study the biosyntheti c 
events in the melanotrope cells. Since the Xenopus pars nervosa consists of 
biosyntheti cally inacti ve nerve terminals of hypothalamic origin, the radiolabelled 
proteins are synthesised exclusively by the melanotrope cells of the intermediate 
pituitary. Metabolic cell-labelling experiments revealed that following a 30 minutes 
pulse the patt erns of newly synthesised proteins produced in the p243- and in the 
p242-transgenic melanotrope cells were similar to that in wild-type cells (data not 
shown). Thus, protein biosynthesis was not aﬀ ected in the transgenic melanotrope 
cells. Following a 30 minutes pulse and a three hours chase period, we observed 
a clearly higher amount of newly synthesised 37K POMC remaining in the p243-
transgenic than in wild-type cells (~5-fold; n=10; Figures 4A and 4B). In contrast, 
following the pulse-chase incubati on the amount of newly synthesised 37K POMC 
found in the p242-transgenic melanotropes was similar to that in wild-type cells 
Figure 4. The eﬀ ect of p24α3- or p24δ2-transgene expression on POMC biosynthesis and 
processing in Xenopus melanotropes
A-C, Neurointermediate lobes (NILs) from wild-type frogs (wt) and frogs transgenic for p243 
(#55) or p242 (#224) were pulse labelled with [35S]-methionine/cysteine for 30 minutes and 
subsequently chased for three hours. Newly synthesised proteins extracted from the NILs 
(Cells; 5% of extract) and secreted into the incubati on medium (Media; 20%) were resolved 
by 15% SDS-PAGE and visualised by autoradiography. A, The analysis was performed in six 
independent experiments and a representati ve autoradiogram is shown. B, The amount 
of newly synthesised 37K POMC in wild-type (n=16) and the p243-transgenic (n=10) and 
p242-transgenic (n=6) cells was quanti fi ed and is shown relati ve to the wild-type cells. C, 
The amounts of newly synthesised 18K and 18K* POMC in wild-type (n=12) and the p243-
transgenic (n=5) and p242-transgenic (n=6) cells were quanti fi ed and are shown relati ve to 
wild-type 18K POMC. Indicated are the 18K/18K* rati os and their stati sti cal evaluati ons. Data 
are shown as means +/- SEM. n.s., not signifi cant; **, p<0.01; ***, p<0.001.
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(n=6; Figures 4A and 4B). These observati ons are in line with the Western blot 
results showing higher steady-state levels of 37K POMC in the p243-transgenic 
melanotrope cells than in wild-type and the p242-transgenic cells (Figure 3). Thus, 
the levels of POMC biosynthesis were not changed in the melanotrope cells of the 
two transgenic lines, but the extent of POMC processing appeared to be aﬀ ected in 
the p243-transgenic cells.
Processing of newly synthesised POMC in the transgenic Xenopus melanotrope 
cells
Because of the observed accumulati on of POMC in the p243-transgenic melanotrope 
cells, we next studied the dynamics of POMC processing by performing pulse-chase 
metabolic cell labelling experiments. The fi rst endoproteolyti c cleavage of newly 
synthesised 37K POMC yields an ~18K POMC cleavage product that represents the 
N-terminal porti on of 37K POMC and contains the only N-linked glycosylati on site 
present in the Xenopus POMC molecule (Martens, 1986). In wild-type melanotrope 
cells, aft er a 30 minutes pulse and three hours chase period, two forms of 18K POMC 
are produced, a major product (~80%) indicated as 18K POMC and a minor (~20%), 
slightly slower migrati ng product that we previously designated 18K* POMC (Figure 
4A) (Bouw et al., 2004). In the p243-transgenic cells, the amounts of the 18K and 
the 18K* POMC processing products were clearly reduced (n=6; Figures 4A and 
4C), indicati ng less proteolyti c processing of newly synthesised 37K POMC. In the 
p242-transgenic cells, the level of 18K POMC was greatly diminished (~7-fold; n=6), 
whereas the amount of the 18K* POMC product was clearly increased (~3-fold; n=6; 
Figures 4A and 4C), reducing the rati o 18K/18K* POMC from ~4 in wild-type cells 
to ~0.2 in the p242-transgenic cells (Figure 4C). In line #124 p242-transgenic cells, 
we have previously also observed a decrease in the 18K/18K* POMC rati o, albeit 
less pronounced (Bouw et al., 2004). The two forms of 18K POMC presumably diﬀ er 
in the sugar moieti es added to their N-glycosylati on sites, because deglycosylati on 
of the newly synthesised melanotrope cell proteins with pepti dyl N-glycosidase 
F (PNGaseF), an enzyme that removes all N-linked sugar groups from the protein 
backbone, caused a shift  of both 18K and 18K* POMC to an ~15.5K product (Figure 
5). These results suggest that only in the p242-, and not in the p243-, transgenic 
cells the glycosylati on machinery was aﬀ ected. Next, HPLC analysis was used to 
study the newly synthesised pepti des resulti ng from the proteolyti c cleavage of 
Figure 5. Newly synthesised 18K and 18K* POMC diﬀ er in N-glycosylati on
Neurointermediate lobes (NILs) from wild-type frogs (wt) and frogs transgenic 
for p243 (#55) or p242 (#224) were pulse labelled with [35S]-methionine/
cysteine for 30 minutes and subsequently chased for three hours. Newly 
synthesised proteins extracted from the NILs were deglycosylated with 
PNGaseF (F) or control-treated (C), resolved by 20% SDS-PAGE and visualised 
by autoradiography; the #55 lanes were exposed three ti mes longer than the 
other lanes.
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radiolabelled POMC. This analysis revealed that the proteolyti c cleavage of newly 
synthesised POMC to des--MSH, -MSH, the two forms of CLIP and the two forms 
of endorphin was similar in the transgenic and wild-type cells (data not shown), in 
line with the results obtained by mass spectrometry analysis of the steady-state 
pepti des. Together, the biosyntheti c studies on the processing of newly synthesised 
POMC showed that the processing rate was severely reduced in the p243-transgenic 
cells and that the glycosylati on event was aﬀ ected in the p242-transgenic cells. 
Sulphati on of newly synthesised POMC in the transgenic Xenopus melanotrope 
cells
In additi on to N-linked glycosylati on and proteolyti c cleavage, POMC is 
postt ranslati onally modifi ed by sulphati on in the trans-Golgi network (TGN) of 
the Xenopus melanotrope cells (Van Kuppeveld et al., 1997). To examine whether 
sulphati on of newly synthesised POMC was aﬀ ected in the transgenic melanotrope 
cells, we pulse labelled the cells in the presence of both [3H]-lysine and [35S]-sulphate. 
The labelling with [3H]-lysine allowed us to quanti fy the total amount of newly 
synthesised POMC and [35S]-sulphate labelling revealed the degree of sulphati on of 
the newly synthesised prohormone. 37K POMC sulphati on was not aﬀ ected in the 
p243-transgenic cells, whereas we observed an ~5-fold increase in the sulphati on 
of the prohormone in the p242-transgenic cells (Figure 6). Removal of the 
N-linked glycans from the sulphate-labelled 37K POMC with PNGaseF increased its 
electrophoreti c mobility but did not aﬀ ect the degree of sulphate labelling (data not 
shown), suggesti ng that the sulphate did not reside on the glycogroup. Together with 
the fact that the 18K POMC species were not sulphated and in line with the presence 
of a predicted tyrosine sulphati on site in the C-terminal half of the Xenopus laevis 
37K POMC molecule [Sulfi nator predicti on program (Monigatti   et al., 2002)], the 
sulphate label presumably resided on tyrosine residue 188 (SLELDY188PEIDLDEDIED). 
The biosyntheti c studies with [35S]-sulphate thus showed that the level of POMC 
sulphati on in the TGN was increased in the p242-, but not the p243-, transgenic 
melanotrope cells.
Electron and immuno-electron microscopy analysis of the transgenic Xenopus 
melanotrope cells
In view of the observed diﬀ erences in POMC transport and processing, we decided 
to examine the ultrastructure of the transgenic cells by performing EM. Like in wild-
type cells, in the p243- and p242-transgenic melanotrope cells the rough ER was 
well developed. However, the p243-transgenic cells contained besides the large 
spherical EDS a Golgi apparatus that appeared as fragmented mini-stacks (Figures 
7A and 7B). Despite the fact that the p24 system was also severely distorted, the 
p242-transgenic cells had normal Golgi ribbons and overall no gross morphological 
diﬀ erences were observed between these cells and wild-type melanotropes (Figures 
7A and 7C). IEM using the anti -POMC anti body revealed in the p243-transgenic cells 
strong immunolabelling for POMC in the EDS that were localised within the ER lumen 
(Figure 7E), indicati ng that the unprocessed and accumulated prohormone most likely 
resided in these structures. Furthermore, POMC-labelling was found in dense-core 
secretory granules of wild-type and the p243- and p242-transgenic melanotrope 
cells (Figures 7D-F). Together, these results showed that the expression of the 
p243-transgene product caused an accumulati on of POMC in large electron-dense 
structures within the ER and impaired the structural integrity of the Golgi apparatus, 
whereas the transgenic expression of p242 did not aﬀ ect the ultrastructure of the 
cells.
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Figure 6. Sulphati on of newly synthesised POMC in wild-type and transgenic 
Xenopus intermediate pituitary cells
Neurointermediate lobes (NILs) from wild-type frogs (wt) and frogs transgenic 
for p243 (#55) or p242 (#224) were pulse labelled with [35S]-sulphate and 
[3H]-lysine for 15 minutes. Newly synthesised proteins extracted from the NILs 
were resolved by 15% SDS-PAGE and the amount of [35S]-sulphate and [3H]-
lysine incorporated into newly-synthesised 37K POMC was determined. Shown 
are the amounts of newly synthesised sulphated 37K POMC produced in the 
transgenic relati ve to wt NILs. Data are shown as means +/- SEM (wt, n=7; 
transgenics, n=5). *, p<0.05; n.s., not signifi cant.
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DISCUSSION
The type-I transmembrane p24 proteins are abundantly present in ER- and Golgi-
derived transport vesicles, and are therefore thought to play an important role in 
some aspect of cargo-selecti ve transport through the early secretory pathway 
[reviewed in Carney and Bowen (2004)]. The complex and dynamic behaviour of 
this protein family has hampered functi onal analyses. In this study, we used the 
Xenopus laevis intermediate pituitary melanotrope cells to explore the functi on of 
p24. The Xenopus melanotrope cells are well-defi ned neuroendocrine cells of which 
the biosyntheti c and secretory acti vity can be physiologically induced by placing 
the frogs on a black background [for review, see Kuiper and Martens (2000)]. Upon 
black-background adaptati on, four p24 family members (p243, p241, p243 and 
p242), but not p242 and p241, are upregulated in the melanotrope cells together 
with the main secretory cargo protein POMC (Rött er et al., 2002). The specifi c 
upregulati on of these four p24 proteins suggests that they are somehow involved in 
the biosynthesis of POMC. Of the four upregulated p24 proteins, we chose p243 and 
p242 for our functi onal analyses and generated three independent stable transgenic 
lines expressing p243 and four independent stable p242-transgenic lines, using a 
POMC gene promoter fragment (Jansen et al., 2002) to drive transgene expression 
specifi cally to the melanotrope cells.
We showed in the transgenic Xenopus melanotrope cells a nearly complete 
displacement of the endogenous p243, p241, p243, p241 and p242 proteins by 
both the p243- and the p242-transgene product. This displacement eﬀ ect is not in 
line with the result of the transient overexpression of TMP21 (p241) or p24a (p241) 
in cultured tumour cells, which did not infl uence the steady-state levels of p24a or 
TMP21 respecti vely (Chen et al., 2006). This apparent discrepancy may have been 
caused by the transient nature of the overexpression in the tumour cells (in our 
transgenic system the overexpression was stable). To our knowledge, the eﬀ ect of 
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Figure 7. Electron microscopy analysis of wild-type and transgenic melanotrope cells
A-C, Wild-type (wt; A1 and A2) intermediate pituitary cells showed a well-developed rough 
endoplasmic reti culum and extensive Golgi-ribbons. The p243-transgenic cells (#55; B1 
and B2) contained Golgi mini-stacks and large electron-dense structures (EDS). The p242-
transgenic cells (#224; C1 and C2) showed an ultrastructure similar to that of wild-type cells. 
The dott ed lines highlight the outline of the Golgi. D-F, Immuno-electron microscopy analysis 
of intermediate pituitary melanotrope cells from wt frogs (D), and frogs transgenic for p243 
(#55; E) or p242 (#224; F) using an anti -POMC anti serum. Immunoreacti vity was found in 
dense-core secretory granules (closed arrowheads) in wt and p243- and p242-transgenic cells 
and occasionally in newly forming secreti on granules sti ll att ached to the trans-Golgi network 
(open arrowheads). In additi on, in the p243-transgenic cells a strong POMC-immunolabelling 
was observed in the EDS, which were localised to the ER lumen (arrow) and occasionally in EDS 
newly forming within the ER lumen (open arrow). G, Golgi; L, lysosome; M, mitochondrion; N, 
nucleus; RER, rough endoplasmic reti culum; PM, plasma membrane; sg, immature secretory 
granules. Bars equal 1 μm (A-C); 500 nm (D-F).
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stable overexpression of an exogenous p24 protein on the endogenous p24 system 
has not been studied before. Yet, knockout or knockdown of a p24 member in yeast 
or mammalian cells has led to a reducti on in the levels of other p24 proteins as well 
(Belden and Barlowe, 1996; Marzioch et al., 1999; Denzel et al., 2000). At present, we 
can only speculate why the endogenous p24 proteins were displaced in the p243- 
and p242-transgenic Xenopus melanotrope cells. For instance, the amount of early 
secretory pathway membranes that can harbour p24 proteins may be limited and 
the relati ve levels of the various newly synthesised p24 family members expressed in 
a cell will then determine the fi nal compositi on of the p24 system. In the transgenic 
melanotrope cells, the relati vely high amount of newly synthesised transgene product 
will occupy most of the available space, consequently leading to the displacement 
of the endogenous p24 proteins. Alternati vely, since p24 protein stability depends 
on the presence of other p24 proteins and their interacti on within p24 complexes 
(Belden and Barlowe, 1996; Marzioch et al., 1999; Denzel et al., 2000), and the stable 
transgene expression in the Xenopus melanotrope cells disturbed the stoichiometry 
of the p24 system, the transgenic manipulati on may well have resulted in altered p24 
complex compositi ons. As a consequence, the endogenous p24 proteins would not 
be able to form their favoured and thus stable complexes, leading to the observed 
reduced endogenous p24 protein levels. Remarkably, for unknown reasons the 
p243-transgene product displaced the endogenous p24 proteins more eﬀ ecti vely 
than the p242-transgene product.
Irrespecti ve of the explanati on, the nearly complete displacement of the endogenous 
p24 proteins implies that in the p243- and p242-transgenic Xenopus melanotrope 
cells the p24 system consists essenti ally of only the p243- and p242-transgene 
product respecti vely. This unique situati on allowed us to search for the role of p24 
by analysing the functi oning of the secretory pathway in the transgenic cells. For our 
functi onal analysis, we took advantage of the fact that the Xenopus melanotrope 
cells produce and process only one major secretory cargo protein (POMC) and that 
in wild-type melanotrope cells the biosyntheti c processes have been previously 
analysed in detail [reviewed in Kuiper and Martens (2000)]. In the p243-transgenic 
melanotrope cells, the amounts of newly synthesised POMC, the level of POMC 
sulphati on as well as the rati o of 18K- to 18K*-POMC were normal, but the rates of 
transport and proteolyti c cleavage of 37K POMC were greatly reduced. The uncleaved 
POMC accumulated in large electron-dense structures localised to the ER. Since 
these structures were present only in the p243- and not in the p242-transgenic 
melanotropes nor in Xenopus melanotropes transgenic for other (transmembrane) 
proteins (our unpublished observati ons), they were not merely a result of transgenic 
protein expression per se. Furthermore, in the p243-transgenic cells the Golgi 
appeared as ministacks, whereas in wild-type and the p242-transgenic cells this 
subcompartment was present as Golgi ribbons. An att racti ve explanati on for these 
observati ons is that the excess of p243 had aﬀ ected the supply of the machinery 
cargo that is required for a correct microenvironment in the early secretory pathway 
with the consequence of an improper transport and accumulati on of POMC, and an 
abnormal structural organisati on of the Golgi apparatus in the p243-transgenic cells. 
In the p242-transgenic melanotrope cells, the overall ultrastructure was not aﬀ ected 
by the transgenic manipulati on and the levels and rates of POMC synthesis, transport 
and cleavage were normal. Also, the steady-state and biosyntheti c levels of the 
POMC-cleavage enzyme PC2 and the transmembrane cargo APP were similar in wild-
type and the p242-transgenic cells. However, higher amounts of the diﬀ erenti ally 
glycosylated 18K* POMC-product and of sulphated POMC were found in the p242-
transgenic than wild-type or the p243-transgenic cells. Since the processes of 
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glycomaturati on and sulphati on occur in the Golgi, it appears that excess p242 
had resulted in an increased supply of the machinery cargo that is responsible for 
these processes in this subcompartment of the secretory pathway. Taken together, 
our results suggest that in the p243- and p242-transgenic melanotrope cells the 
microenvironments of, albeit diﬀ erent, subcompartments in the early stages of the 
secretory pathway were aﬀ ected, pointi ng to a role for p24 proteins in the transport 
of subsets of machinery cargo and thus in furnishing specifi c subcompartments of 
the early secretory pathway.
In view of their structural similarity, the various p24 family members presumably 
have similar functi ons. Thus far, the p24 proteins have been mainly implicated in 
the selecti on and packaging of secretory cargo proteins [cargo receptor model; 
reviewed in Carney and Bowen (2004)]. However, if the p24 proteins were receptors 
for secretory cargo, it is not clear why in the Xenopus melanotrope cells four p24 
proteins (p243, p241, p243, p242) are co-ordinately expressed with POMC, the 
major secretory cargo (the prohormone represents >80% of all newly synthesised 
proteins) (Rött er et al., 2002). Furthermore, if the four upregulated p24 proteins 
would functi on together as a heterotetrameric POMC receptor, one would not 
have expected to observe such diﬀ erent phenotypes for the p243- and p242-
transgenic melanotrope cells. Reasoning along the same lines, the role suggested 
for p24 in vesicle biogenesis (Stamnes et al., 1995) appears to be improbable. Thus, 
the results of our study do not support a role for p24 in secretory cargo receptor 
or vesicle functi oning, but rather are most consistent with a functi on in furnishing 
secretory pathway subcompartments. Our furnishing model is compati ble with the 
results of other studies in which the expression of p24 was also manipulated. First, 
overexpressing p23 (p241) or a p25 (p242) mutant protein in cultured mammalian 
tumour cells resulted in the formati on of Golgi mini-stacks and highly specialised lipid 
subdomains respecti vely, leading the investi gators to conclude that p24 proteins are 
involved in the formati on of membrane subdomains in the early secretory pathway 
(Rojo et al., 2000; Emery et al., 2003). Second, anti bodies against the cytoplasmic 
tails of p242, p23 (p241) or p24 (p241) inhibited the formati on of transport carriers 
and cargo transport (Rojo et al., 1997; Lavoie et al., 1999; Simpson et al., 2006), 
consistent with a role for p24 in the supply of machinery cargo to ER-subdomains that 
are capable of forming transport carriers. Third, reducing the expression of Tmp21/
p23 (p241) in mammalian cells in culture with siRNA led to an eﬀ ect on the fate 
of the secretory cargo (Chen et al., 2006; Vetrivel et al., 2007). Fourth, the fi nding 
that in single and multi ple yeast p24 knock-outs the vesicular incorporati on and 
maturati on of a specifi c set of secretory cargo proteins was reduced (Schimmöller et 
al., 1995; Belden and Barlowe, 1996; Elrod-Erickson and Kaiser, 1996; Marzioch et al., 
1999; Muñiz et al., 2000; Springer et al., 2000) is reminiscent of what we observed 
in the p243-transgenic cells and may thus also be explained by an improper supply 
of subsets of machinery cargo involved in transport carrier formati on or maturati on 
of secretory cargo. In additi on, these yeast knock-outs had defects in the retenti on 
of the ER-chaperones Kar2p (BiP) and protein disulphide isomerase, which may have 
been caused by an improper maintenance of the ER-retrieval machinery (Elrod-
Erickson and Kaiser, 1996; Marzioch et al., 1999; Springer et al., 2000; Belden and 
Barlowe, 2001a). Fift h, the injecti on of anti bodies against the cytoplasmic-tail of p23 
(p241) into cultured mammalian tumour cells inhibited retrograde cargo transport 
due to a malfuncti oning of the ER-retrieval machinery (Majoul et al., 1998). Indeed, 
p23 (p241) directly interacted with the KDEL-receptor, a component of the retrieval 
system (Majoul et al., 2001). Sixth, manipulati on of p23 (p241) or p25 (p242) 
expression levels in cultured mammalian tumour cells aﬀ ected the ER localisati on of 
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the phosphatase machinery protein TC48 (Gupta and Swarup, 2006). Seventh, in C. 
elegans mutated p24 proteins damaged the supply of machinery cargo involved in 
the quality control system, allowing the transport of a mutant cargo protein out of 
the ER (Wen and Greenwald, 1999). Thus, the phenotypes displayed by the various 
cell types in which p24 expression had been manipulated are consistent with a role 
for p24 in the supply of machinery cargo to secretory pathway subcompartments. 
Such a role is supported by the results of our search of the BIOGRID database (Stark 
et al., 2006) for physical interactors with yeast p24 proteins revealing that, besides 
consti tuents of the COPI- and COPII-coat machinery, a substanti al number of the 
interactors are components of the secretory pathway machinery, like membrane-
lipid-synthesising proteins and N- and O-glycosylati on enzymes.
An intriguing extension of our model on the role of p24 concerns the recently proposed 
mechanism for the anterograde-directed bulk fl ow transport of secretory cargo with 
progressive en bloc protrusion from the ER, leading to the formati on of large tubulo-
saccular structures that transport the cargo to the Golgi apparatus (Mironov et al., 
2003). In the so-called ER-exit sites (ERES) adjacent to the large cargo carriers, the 
COPII-system would recruit machinery cargo needed to create a microenvironment 
in the ER and Golgi (e.g. a locally diﬀ erent pH or Ca2+-concentrati on) that facilitates 
eﬃ  cient secretory cargo delivery to the newly forming transport carriers, and allows 
later traﬃ  cking and processing events (Mironov et al., 2003). For the Xenopus 
melanotrope cells, an att racti ve model for ER-to-Golgi secretory cargo transport 
may therefore involve an en bloc bulk-fl ow protrusion of POMC with each of the 
upregulated p24 family members recruiti ng a specifi c set of machinery cargo to 
the ERES in order to allow eﬃ  cient transport and subsequent correct processing of 
POMC in the regulated secretory pathway of these neuroendocrine cells. Our model 
diﬀ ers from the current models proposing a role for p24 as receptor for secretory 
cargo or in vesicle biogenesis, and will serve as a challenging foundati on for future 
p24-research.
In summary, we explored the role of two p24 family members by applying a stable, 
cell-specifi c transgenic approach in a well-defi ned and physiologically relevant 
neuroendocrine cell model. Since both the p243- as well as the p242-transgenic 
melanotrope cells showed a nearly complete knockdown of the endogenous p24 
proteins and sti ll displayed disparate phenotypes, the observed eﬀ ects are specifi c 
and caused by the transgene products rather than by the absence of the endogenous 
p24 proteins, indicati ng the selecti vity and non-redundancy of our approach. We 
conclude that in the p243-melanotrope cell phenotype an improper furnishing of 
machinery cargo to the early stages of the secretory pathway hampered transport of 
secretory cargo from the ER, whereas in the p242-phenotype the supply of a diﬀ erent 
set of machinery cargo infl uenced post-translati onal secretory cargo modifi cati ons in 
the Golgi. Collecti vely, the results are thus most consistent with a role for p24 in 
furnishing the various subcompartments of the early secretory pathway with specifi c 
sets of machinery cargo in order to create the proper microenvironments for eﬃ  cient 
and correct secretory cargo transport and processing to eventually generate bioacti ve 
proteins that functi on in the plasma membrane/extracellular matrix or are secreted 
into the extracellular space as biological signals.
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Animals
South African claw-toed frogs Xenopus 
laevis were bred and reared in the Central 
Animal Facility of the Radboud University 
(Nijmegen, The Netherlands). Animals were 
adapted to a black background for at least 
three weeks. All animal experiments were 
carried out in accordance with the European 
Communiti es Council Directi ve 86/609/EEC 
for animal welfare, permit RBD0166(H10) to 
generate and house transgenic Xenopus and 
permits RU-DEC 2003-53 and 2007-027 from 
the animal experiment committ ee of the 
Radboud University for the use of Xenopus 
laevis frogs.
Anti bodies
The rabbit polyclonal anti bodies against 
a region in the lumenal part of Xenopus 
laevis p243, against the C-terminal tail of 
Xenopus p243, against part of the lumenal 
region of Xenopus p241 (anti -RH6), against 
porti ons of the lumenal and C-terminal 
regions of Xenopus laevis p242 (anti -1262N 
and anti -1262C respecti vely) and against 
the C-terminal region of Xenopus APP (C87) 
have been described previously (Kuiper et 
al., 2001; Rött er et al., 2002; Collin et al., 
2005). We raised a polyclonal anti body 
against Xenopus p241 by injecti ng rabbits 
with a recombinant protein encompassing 
the lumenal domain of Xenopus p241 fused 
to GST. A polyclonal anti body against GFP 
was obtained from Dr. J. Fransen (NCMLS, 
Nijmegen, The Netherlands), against Xenopus 
POMC (ST62, recognising only the precursor 
form) from Dr. S. Tanaka (Shizuoka University, 
Japan), against recombinant mature human 
PC2 from Dr. W.J.M. Van de Ven (University 
of Leuven, Belgium) and the monoclonal anti -
tubulin anti body E7 (Chu and Klymkowsky, 
1989) was obtained from Dr. B. Wieringa 
(NCMLS, Nijmegen, The Netherlands).
Generati on of Xenopus laevis transgenic for 
p24α3 or p24δ2
For the Xenopus transgenesis experiments, 
eggs were harvested from mature wild-type 
female Xenopus injected with 375 IU human 
chorionic gonadotropin hormone (Pregnyl; 
Organon, Oss, The Netherlands) 18 hours 
before. The eggs were collected in 1x MMR 
(0.1 M NaCl, 2 mM KCl, 1 mM MgCl2, 1.5 mM 
CaCl2, 5 mM HEPES pH7.4) and dejellied in 
2% L-cysteine/1xMMR pH8.2. To generate 
Xenopus laevis transgenic for p243-GFP, a 
linear 2274-base pair SalI/NarI DNA fragment, 
containing a 529-base pair Xenopus POMC 
gene A promoter fragment [pPOMC (Jansen et 
al., 2002)] and a cDNA encoding the Xenopus 
p243 protein (construct pPOMC-p243-
GFP) with the enhanced green fl uorescent 
protein (GFP) protein fused in frame to its 
C-terminus (p243-GFP fusion protein), was 
used for stable Xenopus transgenesis (Kroll 
and Amaya, 1996; Sparrow et al., 2000). 
The linearised transgene DNA fragment 
was mixed with sperm nuclei prepared as 
described previously (Sparrow et al., 2000; 
Jansen et al., 2002), incubated at room 
temperature (RT) for 15 minutes and injected 
into the unferti lised eggs. Normally cleaving 
embryos were selected at the 4-cell stage and 
grown in 0.1x MMR/6% Ficoll-400 (Sigma) 
with 50 μg/ml gentamycin (Gibco/BRL) at 
18C unti l gastrulati on (stage 12 (Nieuwkoop 
and Faber, 1967)) was reached and then in 
0.1x MMR containing gentamycin at RT. In 
living stage-45 embryos (Nieuwkoop and 
Faber, 1967) anaestheti sed with 0.25 mg/
ml MS222 (3-aminobenzoic acid ethyl ester; 
Sigma) the presence of GFP fl uorescence was 
examined using a Leica MZ FLIII fl uorescence 
stereomicroscope and photographs were 
taken with a Leica DC200 colour camera 
using the Leica DCviewer soft ware. A number 
of injecti on rounds resulted in a number of 
F0 animals expressing the fusion protein 
at various levels. F1 transgenic Xenopus 
laevis oﬀ spring were generated by in vitro 
ferti lisati on (IVF), either using pieces of 
testes from male transgenic frogs and eggs 
harvested from wild-type females or using 
pieces of testes from male wild-types and eggs 
from transgenic females. For IVF, the testes 
of male Xenopus frogs were isolated and 
incubated for 10 minutes with a monolayer 
of eggs harvested from females frogs injected 
with Pregnyl 18 hours before. 0.1x MMR was 
added and properly dividing embryos were 
selected and screened for GFP fl uorescence as 
described above for F0 tadpoles. To generate 
p242-transgenic Xenopus, a linear 2166-
base pair SalI/NarI DNA fragment (construct 
pPOMC-p242-GFP), containing the Xenopus 
POMC gene A promoter [pPOMC (Jansen et 
al., 2002)] and a cDNA encoding the Xenopus 
p242 protein with the enhanced GFP protein 
fused in frame to its C-terminus (p242-GFP 
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fusion protein), was used analogous to the 
method described above to generate the 
animals transgenic for p243-GFP. A number 
of injecti on rounds resulted in a number of 
F0 animals transgenic for p242-GFP and 
expressing the fusion protein at various levels. 
F1 transgenic Xenopus laevis oﬀ spring were 
generated by IVF, using pieces of testes from 
male transgenic frogs and eggs harvested 
from wild-type females.
Western blot analysis
Western blot analysis was performed as 
described previously (Kuiper et al., 2000). 
Proteins on the blot were visualised by 
enhanced chemiluminescence using the 
Lumi-lightPLUS Western blotti  ng substrate 
(Roche), detected in an Epi Chemi II Darkroom 
equipped with a 12-bit SensiCam CCD 
camera and quanti fi ed using the Labworks 
4.0 program (UVP BioImaging systems, 
Cambridge, United Kingdom).
MALDI-TOF MS
Freshly dissected neurointermediate lobes 
(NILs) were homogenised on ice in cold 0.1% 
tri-fl uoroaceti c acid (TFA; mass spectrometry 
grade; Merck, Darmstadt, Germany) and 
kept on ice for 15 minutes. Subsequently, 
cell debris was pelleted by centrifugati on (10 
minutes, >15000xg, 4C), and supernatants 
were collected and diluted in 0.1% TFA. 
Of the diluted homogenates, 1 l was 
mixed with 10 l of a saturated soluti on of 
-cyano-4-hydroxy-cinnamic acid (CHCA; 
Sigma) in a 1:1 (v/v) acetonitrile (Sigma) / 
0.1% TFA mixture. A volume of 0.5 μl of this 
mixture was spott ed on the sample plate 
and samples were measured in refl ectron 
mode on a Bruker Bifl ex III machine (Bruker, 
FRG). The machine was calibrated with the 
reference pepti des Bradykinin fragment 
1-7 (757.3997Da; Sigma), Angiotensin II 
(1,046.5423Da; Sigma), syntheti c pepti de 
P14R (1,533.8582Da; Sigma) and human ACTH 
fragment 18-39 (2,465.1989Da; Sigma).
Pulse and pulse-chase analysis
For metabolic cell labelling, NILs from wild-
type and transgenic Xenopus were dissected 
and preincubated in Ringer’s medium (112 
mM NaCl, 2 mM KCl, 2 mM CaCl2, 15 mM HEPES 
pH 7.4, 0.3 mg/ml BSA and 2 mg/ml glucose) 
at RT for 15 minutes, pulse labelled in Ringer’s 
medium with 5 mCi/ml Tran35S-label (ICN 
Radiochemicals), chased in Ringer’s medium 
supplemented with 0.5 mM L-methionine for 
the indicated ti me periods and homogenised 
as described previously (Braks and Martens, 
1994). For the double-labelling experiments 
to examine the sulphati on of newly 
synthesised POMC, the NILs were pulse 
labelled for 15 minutes with 6.67 mCi/ml 
Na2[
35S]SO4 (ICN Radiochemicals) and 1 mCi/
ml L-[4,5-3H]-lysine monohydrochloride 
(Amersham Biosciences), rinsed briefl y to 
remove free label and homogenised. Parts of 
the lysates and chase media were analysed 
directly on SDS-PAGE, while the remainder 
was used for Western blot or HPLC analyses. 
For quanti fi cati on, the radioacti vely double-
labelled NIL proteins were separated by 
SDS-PAGE, and slices (2 mm x 1 cm) were 
cut from the gel, incubated overnight with 
1 ml 35% H2O2 (Acros Organics) at 70C, 4 
ml of Opti Phase ‘HiSafe’ 3 counti ng liquid 
(Perkin Elmer Life Sciences) was added, 3H- 
and 35S-dpm were counted on a Wallac 1410 
Liquid Scinti llati on Counter (Pharmacia) and 
the amount of incorporated [35S]-sulphate 
relati ve to the amount of incorporated 
[3H]-lysine was determined for the newly 
synthesised POMC.
N-linked glycogroups were removed from 
the newly synthesised NIL proteins by boiling 
the homogenates in 6 mM HEPES / 0.06% 
SDS pH 7.4 for 10 minutes, cooling to room 
temperature, adding 1 l 12.5% NP40 / 2.5 
mM phenylmethylsulphonyl fl uoride (PMSF) 
/ 0.25 mg/ml trypsin inhibitor and 1 U 
Pepti dyl N-glycosidase F (PNGaseF; Roche) 
and incubati ng the samples overnight at 
37C. The deglycosylated proteins were 
resolved by 20% SDS-PAGE and visualised by 
autoradiography.
HPLC
For the separati on of the newly synthesised 
POMC-derived pepti des, radiolabelled NIL 
lysates were subjected to HPLC analysis as 
described previously (Martens et al., 1982a).
Transmission electron microscopy 
For ultrastructural studies, NILs were freshly 
isolated from wild-type and transgenic 
Xenopus and fi xed overnight at 4C in 2% 
glutaraldehyde in 0.1 M phosphate buﬀ er 
(PB, pH 7.3). Aft er rinsing in the same buﬀ er, 
fi xed ti ssues were osmicated for one hour in 
1% osmium tetroxide in 0.1 M PB, rinsed in PB, 
dehydrated through graded series of alcohol 
and embedded in Epon 812. One-micron thick 
secti ons were cut, stained with toluidine blue 
and examined in a phase-contrast microscope 
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(Dialux 20, Leitz). Ultrathin secti ons were cut, 
double contrasted with uranyl-acetate/lead-
citrate and photographed using a transmission 
electron microscope (JEOL1010).
Immuno-electron microscopy
For freeze substi tuti on and low-temperature 
embedding, the ti ssue was rapidly frozen by 
a Leica EM High-Pressure Freezing system 
(HPF, Leica Microsystems) and transferred to 
the precooled chamber (-90C) of a CS auto 
freeze substi tuti on apparatus (Reichert-Jung, 
Germany). Freeze substi tuti on was performed 
according to standard procedures. The 
ti ssue was immersed for 72 hours in acetone 
containing 0.5% uranyl acetate as fi xing agent 
at -90C and the temperature was then raised 
stepwise 4C per hour to -45C. Prior to 
infi ltrati on with Lowicryl HM20 resin (Bio-Rad 
Richmond, California; USA), the ti ssue was 
washed several ti mes with acetone at -45C to 
remove water and excess uranyl acetate. The 
embedding process was carried out at -45C 
in three stages, with a progressively increasing 
rati o of resin to acetone. Diﬀ use UV-radiati on 
(360 nm) was used to catalyse polymerisati on 
fi rst at -45C overnight and then at room 
temperature for 24 hours. Thin secti ons were 
cut on a Reichert Ultracut-E and mounted on 
one-hole nickel grids coated with a formvar 
fi lm.
For postembedding immunohistochemistry, 
ultrathin Lowicryl secti ons were washed for 
10 minutes in phosphate buﬀ ered saline (PBS, 
pH 7.4) containing 0.1% sodium borohydride 
and 50 mM glycine, and for 10 minutes in 
PBS containing 0.5% BSA and 0.1% cold fi sh 
skin gelati ne (PBG). For immunolabelling, 
secti ons were incubated overnight at 4C 
in drops of PBG containing anti -GFP or anti -
POMC anti body. Secti ons were washed for 
20 minutes in PBG, incubated with protein 
A-labelled 10 nm gold markers, washed in PBS 
and postf ixed with 2.5% glutaraldehyde in PB 
for 5 minutes to minimise loss of gold label 
during the contrasti ng steps. Aft er washing 
with disti lled water, secti ons were contrasted 
in uranyl acetate and studied using a JEOL1010 
TEM electron microscope.
Quanti fi cati on & stati sti cs
Stati sti cal evaluati on was performed using 
unpaired two-tailed t-tests. In those cases 
where the variances were signifi cantly 
diﬀ erent, Welch’s correcti on was used. 
Calculati ons were performed using the 
GraphPad Prism 4 program (GraphPad 
Soft ware).
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ABSTRACT
The p24 protein family plays an important but unclear role at the endoplasmic 
reti culum (ER)-Golgi interface. A p24 member from each subfamily (p243, -1, -3 and 
-2) is upregulated with the prohormone proopiomelanocorti n (POMC) when Xenopus 
laevis intermediate pituitary melanotrope cells are physiologically acti vated. Here we 
explored the role of p24 by generati ng and analysing Xenopus with melanotrope cell-
specifi c transgene expression of p241 or p243, two of the p24 proteins co-expressed 
with POMC, and compared the results with those previously reported for the two 
other co-expressed p24s (p243 and p242). The transgene expression of p241 or 
p243 did not aﬀ ect the endogenous p24 proteins or aﬀ ected only endogenous p243 
respecti vely, whereas in transgenics of p243 and p242 the levels of all endogenous 
p24 proteins were strongly decreased. Nevertheless, as for p243 but albeit to a 
lesser extent, in the p241-transgenic melanotrope cells the rate of cargo cleavage 
was reduced, likely refl ecti ng reduced cargo transport from the ER, and POMC 
glycosylati on and sulphati on in the Golgi were not aﬀ ected. The p243-transgenic 
cells displayed features of both the p243-transgenics (reduced cargo cleavage, 
normal POMC sulphati on) and the p242-transgenics (aﬀ ected POMC glycosylati on). 
Our results show that the four upregulated proteins p243, -1, -3 and -2 have non-
redundant roles in the early secretory pathway, and suggest that each p24 subfamily 
member provides a proper ER/Golgi subcompartmental microenvironment, together 
allowing correct secretory protein transport and processing.
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INTRODUCTION
Secretory and plasma membrane proteins enter the secretory pathway in the 
endoplasmic reti culum (ER) where they are subsequently packaged into transport 
vesicles for delivery to functi onally specialised membrane-bounded subcompartments 
of the secretory pathway. While passing through these subcompartments, proteins 
undergo various postt ranslati onal modifi cati ons (e.g. glycosylati on, sulphati on and 
proteolyti c cleavage) that are essenti al for their biological acti vity. Members of the 
p24 family of ~24K type-I transmembrane proteins are thought to be somehow 
involved in the traﬃ  cking events between the ER and the Golgi (Carney and Bowen, 
2004). The p24 proteins are abundant consti tuents of transport vesicles coated 
with the COPI- or COPII-coat protein complex as well as in membranes of the ER, 
intermediate compartment and cis-Golgi, and they shutt le constantly between these 
subcompartments in complexes of varying compositi on (Wada et al., 1991; Stamnes 
et al., 1995; Belden and Barlowe, 1996; Blum et al., 1996; Sohn et al., 1996; Nickel 
et al., 1997; Rojo et al., 1997; Dominguez et al., 1998; Blum et al., 1999; Füllekrug et 
al., 1999; Gommel et al., 1999; Emery et al., 2000). The p24 family can be subdivided 
into four subfamilies (p24, -, - and -) (Dominguez et al., 1998). Each family 
member has multi ple domains that are conserved from yeast to mammals [reviewed 
in Carney and Bowen (2004)]. Since the p24 proteins are structurally alike, they 
presumably have similar functi ons. Thus far, the complex and dynamic behaviour 
of the p24 proteins has however hampered the elucidati on of their exact role in 
the secretory pathway. The p24 proteins have initi ally been proposed to act at their 
lumenal side as receptors for specifi c sets of secretory cargo proteins (the cargo 
receptor model) (Stamnes et al., 1995). This model is supported by studies showing 
a transport defect of a selecti ve set of endogenous and transfected secretory cargo 
proteins (Schimmöller et al., 1995; Stamnes et al., 1995; Belden and Barlowe, 1996; 
Rojo et al., 1997; Marzioch et al., 1999; Muñiz et al., 2000). At the cytoplasmic side, 
p24 proteins are known to act as receptors for the COPI vesicle coat (Sohn et al., 1996; 
Harter and Wieland, 1998; Bremser et al., 1999; Béthune et al., 2006). Alternati ve 
roles for p24 proteins, including in the organisati on of secretory pathway membranes 
(Lavoie et al., 1999; Denzel et al., 2000; Rojo et al., 2000; Mitrovic et al., 2008) and 
the quality control of protein transport out of the ER (Wen and Greenwald, 1999), 
have also been suggested. Recently, we proposed that p24 proteins supply subsets 
of machinery proteins to subcompartments of the secretory pathway, thus creati ng a 
microenvironment necessary for proper and eﬃ  cient secretory cargo transport and 
postt ranslati onal modifi cati ons (Strati ng et al., 2007). 
We decided to use a well-defi ned model system to explore the functi on of p24 
proteins in a physiological context, i.e. in Xenopus laevis intermediate pituitary 
melanotrope cells. The biosyntheti c and secretory acti vity of these secretory cells 
can be altered by placing the frogs on a white or a black background, leading to 
inacti ve and highly acti ve melanotrope cells respecti vely. Inhibitory and sti mulatory 
neurons of hypothalamic origin strictly regulate the acti vity of the melanotrope 
cells. Acti vated melanotrope cells produce vast amounts of the prohormone 
proopiomelanocorti n (POMC) and proteolyti cally process POMC to a number of 
bioacti ve pepti des, including -melanophore-sti mulati ng hormone (-MSH), which 
mediates background adaptati on of the animal [reviewed in Kuiper and Martens 
(2000)]. In the melanotrope cells of black-background-adapted frogs, proteins 
upregulated together with POMC are thought to play a role in the biosynthesis of the 
prohormone (Holthuis et al., 1995a). A subset of p24 proteins, namely one member 
of each of the p24, -, - and - subfamilies (p243, p241, p243 and p242), is co-
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RESULTS
Generati on of Xenopus laevis with stable transgene expression of p24β1 or p24γ3 
specifi cally in the melanotrope cells
For our functi onal studies, we generated transgenic Xenopus laevis expressing the 
p241- or the p243-protein specifi cally in the melanotrope cells of the intermediate 
pituitary. In order to drive transgene expression specifi cally to the melanotrope 
cells, we made DNA-constructs containing a 529-bp Xenopus laevis POMC gene A 
promoter fragment [pPOMC (Jansen et al., 2002)] in front of Xenopus laevis p241 or 
p243 cDNA. We fused GFP to p241 and p243 to allow direct selecti on of embryos 
expressing the transgene. The linearised DNA-constructs (pPOMC-p241-GFP, Figure 
1A or pPOMC-p243-GFP, Figure 1B) were mixed with wild-type Xenopus sperm 
nuclei and the mixtures were microinjected into unferti lised wild-type Xenopus eggs. 
We generated six independent F0 frogs transgenic for p241-GFP (#233, #234, #240, 
#244, #245 and #246) and ten independent transgenic F0 animals for p243-GFP 
(#220, #221, #222, #228, #229, #230, #237, #238, #242 and #243). Next, F0 animals 
were used to generate F1 oﬀ spring by in vitro ferti lisati on (IVF) of eggs harvested 
from wild-type females with sperm isolated from the testes of four transgenic 
males (for lines #221, #222, #234 and #240) or by IVF of eggs harvested from three 
transgenic females with sperm isolated from the testes of wild-type males (for lines 
#230, #242 and #243). Expression of the transgenes specifi cally in the intermediate 
pituitary could readily and directly be observed in living tadpoles (Figure 1C), in adult 
frogs aft er lift ing the brain (Figure 1D) and in sagitt al brain-pituitary secti ons of adult 
animals (Figure 1E).
We then investi gated the transgene expression levels by Western blot analysis and 
found that lines #240 and #222 were the strongest expressing lines for the p241-
GFP and the p243-GFP fusion protein respecti vely (data not shown). The expression 
level of the p241-GFP fusion protein in line #240 was ~6-fold lower than that of 
the p243-GFP fusion protein in line #222 (Figure 2A). The steady-state levels of the 
endogenous p243, -1, -3, -1 and -2 proteins were not signifi cantly aﬀ ected in the 
p241-transgenic melanotrope cells (tmcs). In the p243-tmcs, only the level of the 
endogenous p243 protein was changed (~80% reducti on), whereas the levels of the 
endogenous p243, -1, -1 and -2 proteins were not signifi cantly aﬀ ected (Figure 
2B).
ordinately expressed with POMC (Rött er et al., 2002); in the original nomenclature 
p243 was called GMP25iso, p241 was named p24, p243 was termed p27 and p242 
was named p23iso.
Here, we combined the unique features of the Xenopus melanotrope cell with cell-
specifi c transgene expression of p241 or p243, two of the p24 proteins co-expressed 
with POMC. The results show that the eﬀ ects of the transgene expression of p241 
and p243 on POMC transport and processing are diﬀ erent from those of p243 and 
p242, the two other upregulated p24 proteins (Strati ng et al., 2007). Thus, we now 
studied the complete set of p24 proteins upregulated in the acti ve melanotrope cells, 
allowing a functi onal comparison between members of the four p24 subfamilies. 
We conclude that these members have nonredundant roles in secretory cargo 
biosynthesis and that the p24 system has a functi onal diversity among its family 
members that is necessary for correct transport and processing of proteins travelling 
through the secretory pathway.
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Figure 1. Generati on of Xenopus with 
transgene expression of p24β1 or p24γ3 
specifi cally in the melanotrope cells
A and B, Schemati c depicti on of the 
injecti on fragments pPOMC-p241-GFP (A) 
and pPOMC-p243-GFP (B) that include a 
Xenopus POMC gene promoter fragment 
(pPOMC) and the protein-coding sequence 
of p241-GFP and p243-GFP respecti vely; 
pPOMC drives transgene expression 
specifi cally to the melanotrope cells. C, 
GFP-fl uorescence specifi c in the pituitary 
(arrows) of living tadpoles transgenic for 
p241 (line #240) or p243 (line #222); E, 
eye; G, gut; N, nose. D, Fluorescence in 
the intermediate lobe (IL) but not in the 
anterior lobe (AL) of the pituitary of adult 
frogs transgenic for p241 (line #240) or 
p243 (line #222). E, Sagitt al cryosecti ons 
through the brain and pituitary of adult frogs 
transgenic for p241 (line #240) or p243 
(line #222) show GFP-fl uorescence only 
in the IL but not in the AL of the pituitary. 
POMC is detected with a primary anti body 
recognising only the 37K prohormone 
and a Texas red-conjugated secondary 
anti body. POMC is most prevalent in the 
melanotrope cells of the IL, but also weakly 
expressed in the corti cotrope cells of the 
AL. Note that the corti cotrope cells do not 
show GFP fl uorescence. The bars equal 
100 m. A colour version of this fi gure is 
printed on page 173.
Figure 2. Analysis of p24β1 or p24γ3 fusion protein 
expression in transgenic Xenopus intermediate 
pituitary melanotrope cells
A and B, Western blot analysis of 
neurointermediate lobe lysates from
wild-type frogs (wt) and frogs transgenic for p241 
(#240) or p243 (#222) with an anti -GFP anti body 
(A) or anti -p24 anti bodies (B). Tubulin was used as 
a control for equal loading.
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We next investi gated the localisati on of the fusion proteins within the tmcs by confocal 
microscopy on living cells. The localisati ons of p241-GFP and p243-GFP were strikingly 
similar and in both cases concerned a perinuclear Golgi-like localisati on (Figure 3A). 
Immuno-electron microscopy (IEM) using an anti -GFP anti body confi rmed that the 
p243 transgene product was localised exclusively on Golgi membranes (Figure 3B), 
whereas the expression of the p241-transgene product was likely too low to allow 
its detecti on. Thus, the microscopy fi ndings indicate that both the p241- and the 
p243-transgene product are capable of reaching the Golgi.
Together, the studies on the steady-state p24 protein levels showed that in the p241- 
and p243-tmcs the endogenous set of p24 proteins was intact (except for endogenous 
p243 in the p243-tmcs) and that both the p241- and the p243-transgene product 
were capable of traﬃ  cking through the early secretory pathway.
Steady-state levels of secretory cargo proteins in the transgenic Xenopus 
melanotrope cells
We next studied in the p241- or p243-tmcs the eﬀ ect of the transgene expression 
on the steady-state levels of three cargo proteins, namely the soluble secretory cargo 
proteins POMC and its processing enzyme prohormone convertase PC2, and the 
type-I transmembrane cargo protein amyloid- precursor protein (APP). Western blot 
analysis showed that in the p241- and p243-tmcs the steady-state levels of POMC, 
PC2 and APP were not signifi cantly diﬀ erent from those in wild-type cells (Figure 
4A). POMC is proteolyti cally cleaved to produce a number of bioacti ve pepti des. We 
used matrix-assisted laser-desorpti on-ionisati on ti me-of-fl ight mass spectrometry 
(MALDI-TOF MS) to study the producti on of the POMC-derived pepti des des-N--
Figure 3. Localisati on of the p24β1 and 
p24γ3 fusion proteins in transgenic 
Xenopus intermediate pituitary 
melanotrope cells
A, Confocal laser scanning microscopy 
analysis of live melanotrope cells 
transgenic for p241 (line #240) or p243 
(line #243) showing GFP-fl uorescence in 
typical perinuclear Golgi structures. The 
p243-cells shown were from line #243 
and have a transgene expression level 
that is similar to that of the p241-cells 
from line #240. B, Immuno-electron 
microscopy analysis of intermediate 
pituitary melanotrope cells transgenic 
for p243 (line #222) using an anti -GFP 
anti body. The p243-transgene product 
was found exclusively on the Golgi. G, 
Golgi; PM, plasma membrane. Bars 
equal 5 m (A) or 250 nm (B).
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acetyl--MSH (the nonacetylated form of -MSH), -MSH, 1-MSH, -MSH and two 
corti cotrophin-like intermediate lobe pepti des (CLIP A and B) (Van Strien et al., 1996; 
Jespersen et al., 1999). All of these pepti des were observed in wild-type melanotrope 
cell extracts and in samples from the p241- and p243-tmcs (Figure 4B). Thus, the 
p241- and the p243-tmcs converted 37K POMC into the same set of bioacti ve 
pepti des as wild-type cells. The transgenic manipulati on did therefore not aﬀ ect the 
capacity of the melanotrope cells to generate their normal POMC-derived pepti des.
Figure 4. Steady-state levels of secretory cargo in wild-type and transgenic Xenopus 
intermediate pituitary cells
A, Western blot analysis of neurointermediate lobe (NIL) lysates from wild-type frogs (wt) and 
frogs transgenic for p241 (line #240) or p243 (line #222) using anti bodies directed against the 
soluble cargo proteins proopiomelanocorti n (POMC) and prohormone convertase 2 (PC2), and 
the transmembrane cargo amyloid- precursor protein (APP). Tubulin was used as a control 
for equal loading. B, MALDI-TOF analysis of NIL lysates from wt frogs and frogs transgenic for 
p241 (line #240) or p243 (line #222). POMC-derived pepti des (des--MSH, -MSH, 1-MSH, -MSH, CLIP A and CLIP B) were identi fi ed by their mass (Van Strien et al., 1996; Jespersen et 
al., 1999); peak intensity does not necessarily refl ect the amount of pepti de in the sample.
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Biosynthesis and processing of newly synthesised POMC in the transgenic Xenopus 
melanotrope cells
To further investi gate the functi oning of the secretory pathway in the tmcs, 
we then examined the biosyntheti c acti vity for POMC producti on using the 
neurointermediate lobe (NIL) of the pituitary. The NIL consists of the intermediate 
lobe (the neuroendocrine melanotrope cells) and the pars nervosa (biosyntheti cally 
inacti ve nerve terminals of hypothalamic origin) that is inti mately associated with 
the intermediate lobe. Metabolic cell-labelling experiments revealed that following 
a 30 minutes pulse the levels of newly synthesised 37K POMC and pro-PC2 produced 
in the p241- and the p243-tmcs were not signifi cantly diﬀ erent from those in wild-
type cells (Figures 5A and 5C).
We next studied the dynamics of POMC biosynthesis by pulse-chase metabolic cell 
labelling. Following a 30 minutes pulse and a three hours chase period, we observed 
a clearly higher amount of newly synthesised 37K POMC remaining in the p241-tmcs 
(~3-fold; n=5) and the p243-tmcs (~3-fold; n=7) than in wild-type cells (Figures 5B 
and 5D). Interesti ngly, the steady-state POMC levels were not signifi cantly altered in 
the p241- and p243-tmcs (Figure 4A). Since the other p241-GFP- and p243-GFP-
expressing lines with lower transgene expression levels had phenotypes similar to 
those of lines #240 and #222 respecti vely (not shown), the observed phenotypes 
were not merely caused by the transgenesis procedure and we therefore chose lines 
#240 and #222 for our further studies.
The fi rst and one of the major processing products generated as a result of 
the proteolyti c cleavage of 37K POMC is an ~18K POMC cleavage product that 
corresponds to the N-terminal part of the prohormone and contains the only N-linked 
glycosylati on site present in the Xenopus POMC molecule (Martens, 1986). In wild-
type melanotrope cells, two forms of newly synthesised 18K POMC are produced, 
namely a major 18K POMC product (~70%) and a minor, slightly slower migrati ng 
product, termed 18K* POMC (~30%) (Figure 5B) (Bouw et al., 2004; Strati ng et al., 
2007). The amounts of 18K and 18K* POMC, and thus the 18K/18K* POMC rati o, 
were not signifi cantly aﬀ ected in the p241-tmcs (Figures 5B and 5E). In the p243-
tmcs however the amount of newly synthesised 18K POMC was signifi cantly lower 
(~50%; n=8), while the amount of 18K* POMC was not signifi cantly aﬀ ected Figures 
5B and 5E), resulti ng in a signifi cant change in the 18K/18K* POMC rati o (2-fold; Figure 
5E). Deglycosylati on of the newly synthesised proteins isolated from the p241- and 
p243-tmcs with pepti dyl N-glycosidase F (PNGaseF) caused a shift  of both 18K and 
18K* POMC to a product of ~15.5K (Figure 6A), indicati ng that the 18K and 18K* 
POMC products diﬀ er in their glycogroups and not in their protein backbones. Taken 
together, the results show that the glycosylati on machinery in the p243-tmcs was 
aﬀ ected, whereas the machinery was unaﬀ ected in the p241-tmcs.
Sulphati on of newly synthesised POMC in the transgenic Xenopus melanotrope 
cells
In the Xenopus melanotrope cells, POMC is not only postt ranslati onally modifi ed by 
N-linked glycosylati on, but also by sulphati on (Van Kuppeveld et al., 1997). To study 
the degree of sulphati on of newly synthesised POMC, we pulse labelled NILs with 
both [3H]-lysine (to quanti fy the total amount of newly synthesised POMC) and [35S]-
sulphate (to quanti fy the level of sulphati on of the newly synthesised prohormone). 
We found that the sulphati on of newly synthesised 37K POMC was not signifi cantly 
aﬀ ected in the p241- and p243-tmcs (Figure 6B).
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Figure 5. The eﬀ ect of p24β1- or p24γ3-transgene expression on POMC biosynthesis and 
processing in Xenopus melanotropes
A, Neurointermediate lobes (NILs) from wild-type frogs (wt) and frogs transgenic for p24β1 (line 
#240) or p24γ3 (line #222) were pulse labelled with [
35S]-methionine/cysteine for 30 minutes. 
Newly synthesised proteins extracted from the NILs (Cells; 5% of extract) were resolved by 
15% SDS-PAGE and visualised by autoradiography. The analyses were performed in at least two 
independent experiments and a representati ve autoradiogram is shown. B, NILs were pulsed 
for 30 minutes and subsequently chased for three hours. Newly synthesised proteins extracted 
from the NILs (Cells; 5% of extract) or secreted into the incubati on medium (Media; 20%) were 
resolved by 15% SDS-PAGE and visualised by autoradiography. The analyses were performed 
in at least four independent experiments and a representati ve autoradiogram is shown. C, 
The amount of newly synthesised 37K POMC produced during the 30 minutes pulse period 
(A) in wt (n=5) and the p24β1-tmcs (n=4) and p24γ3-tmcs (n=4) was quanti fi ed and is shown 
relati ve to the wt cells. D, The amount of newly synthesised 37K POMC remaining aft er the 
chase period (B) in wt (n=15) and the p24β1-tmcs (n=5) and p24γ3-tmcs (n=7) was quanti fi ed 
and is shown relati ve to the wt cells. E, The amounts of newly synthesised 18K and 18K* POMC 
aft er the chase period (B) in wt (n=15) and the p24β1-tmcs (n=6) and p24γ3-tmcs (n=8) were 
quanti fi ed and are shown relati ve to wt 18K POMC. Indicated are the 18K/18K* rati os and 
their stati sti cal evaluati ons. Data are shown as means +/- s.e.m.; n.s., not signifi cant (p>0.05); 
*, p<0.05; ***, p<0.001.
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Electron and immuno-electron microscopy analysis of the transgenic Xenopus 
melanotrope cells
In view of the observed diﬀ erences in POMC transport and processing, we decided 
to examine the ultrastructure of the tmcs by performing EM. The rough ER was well 
developed in the p241- and p243-tmcs, similar to the situati on in the wild-type 
cells (data not shown). We did not observe any ultrastructural abnormaliti es in the 
p241- and p243-tmcs, including no aberrati ons of the Golgi apparatus. Using an 
anti -POMC anti body, we found a normal localisati on of POMC, namely in the Golgi 
and secretory granules (Figure 7). Together, these results show that the expression 
of the p241- and p243-transgene products did not change the ultrastructure of the 
melanotrope cells. 
Figure 6. Glycosylati on and sulphati on of newly synthesised POMC in 
wild-type and transgenic Xenopus intermediate pituitary cells
A, Neurointermediate lobes (NILs) from wild-type frogs (wt) and frogs 
transgenic for p241 (line #240) or p243 (line #222) were pulse labelled 
with [35S]-methionine/cysteine for 30 minutes and subsequently 
chased for three hours. Newly synthesised proteins extracted from 
the NILs were control-treated (C) or deglycosylated with PNGaseF (F), 
resolved by 15% SDS-PAGE and visualised by autoradiography. Shown 
are the 18K POMC, 18K* POMC and deglycosylated 18K(*) POMC 
products. B, NILs from wt frogs and frogs transgenic for p241 (line 
#240) or p243 (line #222) were pulse labelled with [35S]-sulphate 
and [3H]-lysine for 15 minutes. Newly synthesised proteins extracted 
from the NILs were resolved by 12.5% SDS-PAGE and the amounts of 
[35S]-sulphate and [3H]-lysine incorporated into newly-synthesised 37K 
POMC were determined. Shown are the amounts of newly synthesised 
sulphated 37K POMC produced in the transgenic relati ve to wt NILs. 
Data are shown as means +/- s.e.m. (wt, n=12; transgenics, n=3); n.s., 
not signifi cant (p>0.05).
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DISCUSSION
In this study, we generated and analysed transgenic Xenopus melanotrope cells stably 
expressing p241 or p243, two of the four p24 proteins co-ordinately expressed 
with POMC. Using transgenic Xenopus we previously established disti nct roles for 
the two other upregulated p24 proteins (p243 and p242) in POMC biosynthesis 
(Strati ng et al., 2007). Thus, the analysis of the set of upregulated p24 proteins is now 
complete, allowing us to compare for the fi rst ti me the role of members of all four p24 
subfamilies in secretory cargo biosynthesis. Both the p241- and the p243-transgene 
product localised to the Golgi apparatus, clearly diﬀ erent from the p243-GFP fusion 
protein (found dispersed throughout the cytoplasm in structures that probably 
represent ER) and the p242-GFP fusion protein (Golgi and dispersed cytoplasmic 
localisati on) (Supplementary Figure S1), but consistent with the previously reported 
localisati ons of p24/p241 and p27/p243 in other cell systems (Dominguez et al., 
1998; Blum et al., 1999; Füllekrug et al., 1999; Gommel et al., 1999; Emery et al., 
2000). The steady-state levels of the endogenous p24 proteins were unaﬀ ected in 
the p241-tmcs, whereas in the p243-tmcs only the endogenous p243 protein was 
clearly reduced. These fi ndings are in line with the results of transient overexpression 
of p23 (p241) or p24a (p241) in cultured tumour cells, which did not aﬀ ect the 
steady-state levels of p24a or p23 respecti vely (Chen et al., 2006). However, in 
Xenopus melanotrope cells transgenically expressing p243 or p242 the levels of all 
endogenous p24 proteins were strongly decreased (Strati ng et al., 2007). At present, 
it is unclear why the four upregulated Xenopus p24 proteins reduced the levels of the 
endogenous p24s to diﬀ erent extents. It is unlikely that these diﬀ erences are merely 
related to the levels of transgene expression, since, despite the relati vely low level of 
transgene expression in the p243-tmcs relati ve to p243-transgene expression, the 
p243-tmcs essenti ally lacked the enti re set of endogenous p24 proteins (Strati ng et 
al., 2007). The observed diﬀ erences in displacement eﬃ  ciency must therefore most 
likely be att ributed to some intrinsic property that diﬀ ers between the p24 proteins 
of the various subfamilies. Possibly, p24 transgene expression leads to a reduced 
stability of the endogenous p24s, analogous to the destabilisati on of endogenous 
Figure 7. Electron microscopy analysis of wild-type and transgenic Xenopus melanotrope 
cells
Immuno-electron microscopy analysis of intermediate pituitary melanotrope cells from wild-
type (wt) frogs, and frogs transgenic for p241 (#240) or p243 (#222) using an anti -POMC 
anti serum. POMC-immunoreacti vity was found in dense-core secretory granules (arrowheads) 
and in the Golgi apparatus in wt and the p241- and p243-transgenic cells. G, Golgi; N, nucleus. 
Bars equal 250 nm.
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p24 proteins resulti ng from the knock-out or knock-down of a single family member 
(Belden and Barlowe, 1996; Marzioch et al., 1999; Denzel et al., 2000; Vetrivel et al., 
2007; Takida et al., 2008). We studied at various levels the eﬀ ects of the transgenic 
expression of p241 and p243 on the functi oning of the secretory pathway in the 
Xenopus melanotrope cells. For these analyses, we took advantage of the fact that 
the melanotrope cells produce and process only one major secretory cargo protein 
(POMC) and that the biosynthesis of POMC has previously been studied in detail 
[reviewed in Kuiper and Martens (2000)]. We found that transgene expression of 
p241 and p243 did not aﬀ ect POMC synthesis, but caused a reducti on in the cleavage 
rate of newly synthesised 37K POMC, likely refl ecti ng reduced POMC transport from 
the ER, similar to but to a lesser extent than what we have previously observed in 
the p243-tmcs (Strati ng et al., 2007). In contrast to the p243-tmcs, however, in 
the p241- and p243-tmcs the reduced POMC cleavage was not accompanied by 
signifi cant changes in the steady-state 37K POMC levels. Moreover, in the p241- and 
p243-tmcs we did not observe the POMC-containing ER-localised electron-dense 
structures (EDS) that we found in the p243-tmcs (Strati ng et al., 2007). In the p241- 
and p243-tmcs, the delay in ER-exit is apparently not severe enough to lead to clear 
changes in the steady-state levels of POMC. Alternati vely, the p241- and p243-tmcs 
are more eﬀ ecti ve in clearing any accumulated cargo proteins from the cells than the 
p243-tmcs. In the p242-tmcs, the ultrastructure as well as the steady-state levels, 
biosynthesis and proteolyti c cleavage rate of POMC were not aﬀ ected (Strati ng et 
al., 2007). The diﬀ erent POMC cleavage rates in the various tmcs were not related 
to the transgene expression levels per se, since the p243-transgene product was 
expressed at a higher level than the p243-transgene product, whereas the p243-
tmcs displayed less reduced POMC cleavage (~3-fold for p243 versus ~5-fold for 
p243) and did not accumulate the prohormone. Furthermore, the relati vely high-
expressed p242-transgene product did not aﬀ ect the POMC cleavage rate (Strati ng et 
al., 2007). We further found that transgene expression of p241 did not aﬀ ect POMC 
glycosylati on and sulphati on. Thus, the transgene expression of p241 aﬀ ected ER-
to-Golgi transport of secretory cargo, but did not compromise the capacity of post-
ER compartments to properly process cargo molecules. Interesti ngly, the p243-tmcs 
showed an altered rati o of 18K/18K* POMC processing products, which is indicati ve 
of an alterati on in POMC N-glycan processing. Such an altered POMC glycosylati on 
patt ern has previously been observed in the p242-tmcs as well (Strati ng et al., 2007). 
However, in the p243-tmcs the sulphati on of newly synthesised 37K POMC (like 
glycomaturati on, a Golgi event) was not aﬀ ected, whereas it was ~5-fold increased 
in the p242-tmcs (Strati ng et al., 2007). Thus, the Golgi-based glycosylati on and 
sulphati on machineries were diﬀ erenti ally aﬀ ected in the p243- and p242-tmcs, 
whereas the Golgi machinery was unaﬀ ected in the p243- and p241-tmcs. Hence, 
the phenotype of the p241-tmcs was reminiscent of, but not identi cal to, that of the 
p243-tmcs, whereas the p243-tmcs displayed features of both the p243- and the 
p242-tmcs.
Taken together, the results of our melanotrope cell-specifi c transgenic studies in 
a physiological context show that the four p24 proteins upregulated co-ordinately 
with POMC upon acti vati on of the melanotrope cells (p243, -1, -3 and 2) have 
nonredundant functi ons in the biosynthesis of secretory cargo, also arguing against 
any nonspecifi c eﬀ ect of the transgenic manipulati on per se on the melanotrope cell 
phenotype. Collecti vely, our data point towards a specifi c role for each Xenopus p24 
subfamily member in the transport and processing of POMC to biologically acti ve 
pepti des in order to allow the physiological process of background adaptati on of 
the animal. Reasoning along this line and generalising our fi ndings, we propose 
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Animals
South African claw-toed frogs Xenopus 
laevis were bred and reared in the Central 
Animal Facility of the Radboud University 
(Nijmegen, The Netherlands). Animals were 
adapted to a black background for at least 
three weeks. All animal experiments were 
carried out in accordance with the European 
Communiti es Council Directi ve 86/609/EEC 
for animal welfare, permit RBD0166(H10) to 
generate and house transgenic Xenopus and 
permits RU-DEC 2003-53 and 2007-027 from 
the animal experiment committ ee of the 
Radboud University for the use of Xenopus 
laevis frogs.
Anti bodies
The rabbit polyclonal anti bodies against a 
region in the lumenal parts of the Xenopus 
laevis p24α3 protein and against the 
C-terminal regions of Xenopus laevis p24δ2 
and APP have been described previously 
(Kuiper et al., 2000; Rött er et al., 2002; Collin 
et al., 2005). Rabbit polyclonal anti bodies 
against mammalian p24/p24β1 (Frieda) 
(Jenne et al., 2002), rat p24γ3/4 (Dominguez 
et al., 1998), GFP, Xenopus laevis POMC 
(ST62, recognising only the precursor form), 
recombinant mature human PC2 and the 
monoclonal anti -tubulin anti body E7 (Chu 
and Klymkowsky, 1989) were obtained 
from Drs F. Wieland (Heidelberg University 
Biochemistry Center, Heidelberg, Germany), 
T. Nilsson (Göteborgs University, Göteborg, 
Sweden), J. Fransen (NCMLS, Nijmegen, The 
Netherlands), S. Tanaka (Shizuoka University, 
Japan), W.J.M. Van de Ven (University of 
Leuven, Belgium) and B. Wieringa (NCMLS, 
Nijmegen, The Netherlands) respecti vely.
Generati on of Xenopus laevis transgenic for 
p24β1 or p24γ3
The Xenopus transgenesis experiments were 
performed as described previously (Strati ng 
et al., 2007). Briefl y, eggs were harvested 
from wild-type female Xenopus laevis and the 
jelly-layer was removed. To generate Xenopus 
laevis transgenic for p24β1-GFP, a linear 2119-
base pair SalI/NotI DNA fragment (construct 
pPOMC-p24β1-GFP), containing a 529-
base pair Xenopus POMC gene A promoter 
fragment [pPOMC (Jansen et al., 2002)] and 
a cDNA encoding the Xenopus p24β1 protein 
with the enhanced green fl uorescent protein 
(GFP) protein fused in frame to its C-terminus 
(p24β1-GFP fusion protein), was used for 
stable Xenopus transgenesis (Kroll and Amaya, 
1996; Sparrow et al., 2000). The linearised 
transgene construct was mixed with sperm 
nuclei isolated from male Xenopus laevis and 
injected into the dejellied eggs. Normally 
cleaving embryos were selected at the 4-cell 
stage, grown unti l stage-45 (Nieuwkoop and 
Faber, 1967), anaestheti sed and screened for 
the presence of GFP fl uorescence. Several 
injecti on rounds resulted in a number of 
F0 animals expressing the fusion protein 
at various levels. F1 transgenic Xenopus 
laevis oﬀ spring were generated by in vitro 
ferti lisati on (IVF), using either pieces of 
testes from male transgenic frogs and eggs 
harvested from wild-type females or pieces 
of testes from male wild-types and eggs 
from transgenic females. To generate p24γ3-
transgenic Xenopus, a linear 2169-base pair 
SalI/NotI DNA fragment (construct pPOMC-
p24γ3-GFP), containing the Xenopus pPOMC 
and a cDNA encoding the Xenopus p24γ3 
protein with the enhanced GFP protein 
fused in frame to its C-terminus (p24γ3-GFP 
fusion protein) was used for the transgenesis 
procedure analogous to the method 
described above for the generati on of the 
p24β1-transgenic animals. The generati on of 
the p24α3- and p24δ2-trangenic Xenopus has 
been described previously (Strati ng et al., 
2007). By Western blotti  ng we found that the 
expression of the p24β1-transgene product 
(β1-transgenic line #240) was lower than that 
of the p24α3-transgene protein (α3-transgenic 
line #55; ~2-fold), the p24γ3-transgene 
product (γ3-transgenic line #222; ~6-fold) and 
the p24δ2-transgene product (δ2-transgene 
line #224; ~12-fold). The expression of the 
MATERIALS AND METHODS
for other cell types a role for each p24 subfamily member in furnishing a specifi c 
subcompartment of the secretory pathway with the correct set of machinery 
proteins, thereby facilitati ng the proper and eﬃ  cient transport and processing of 
secretory cargo proteins.
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p24γ3-transgene product was ~3-fold higher 
than that of the p24α3-transgene product 
(line #55) and ~2-fold lower than that of the 
p24δ2-transgene product (line #224) (data 
not shown). Thus, in the melanotrope cells 
the steady-state levels of the p24 transgene 
products were diﬀ erent among the transgenic 
lines of the various family members. 
However, for unknown reasons each p24 
protein appeared to have a specifi c maximum 
transgene expression level that it can reach 
in the melanotrope cells. Nevertheless, the 
transgene expression levels cannot be directly 
related to the extents of the eﬀ ects on the 
melanotrope phenotypes. For example, the 
low-expressed p24α3-transgene product had 
a clear eﬀ ect on the rate of POMC processing, 
whereas the ~6-fold higher-expressed p24δ2-
transgene product did not aﬀ ect the POMC 
processing rate.
Western blot analysis
Western blot analysis was performed as 
described previously (Kuiper et al., 2000). 
Proteins on the blot were detected with a 
BioChemi imaging system and quanti fi ed 
using the Labworks 4.0 program (UVP 
BioImaging systems, Cambridge, United 
Kingdom), except that for the quanti fi cati on 
of APP the secondary anti body was 
IRDye800CW-conjugated goat-anti -rabbit (LI-
COR, Lincoln, NE, USA). The proteins on the 
blot were detected on an Odyssey infrared 
imaging system (LI-COR, Lincoln, NE, USA) and 
quanti fi ed using the Odyssey v1.2 program 
(LI-COR, Lincoln, NE, USA).
MALDI-TOF MS
To examine the identi ty of the POMC-derived 
pepti des, matrix-assisted laser-desorpti on-
ionisati on ti me-of-fl ight mass spectrometry 
(MALDI-TOF MS) was performed as described 
previously (Strati ng et al., 2007). The data 
were analysed using the fl exAnalysis v2.0 
soft ware (Bruker Daltonik GmbH, Bremen, 
Germany).
Pulse and pulse-chase analysis
Metabolic cell labelling experiments were 
performed as described previously (Strati ng 
et al., 2007). Briefl y, NILs from wild-type 
and transgenic Xenopus were dissected, 
preincubated in Ringer’s medium (112 mM 
NaCl, 2 mM KCl, 2 mM CaCl2, 15 mM HEPES 
pH 7.4, 0.3 mg/ml BSA and 2 mg/ml glucose), 
pulse labelled in Ringer’s medium with 5 
mCi/ml Tran35S-label (ICN Radiochemicals), 
chased in Ringer’s medium supplemented 
with 0.5 mM L-methionine for the indicated 
ti me periods and homogenised. Parts of 
the lysates and chase media were analysed 
directly on SDS-PAGE, while the remainder 
was used for Western blot analyses. For 
the quanti fi cati on of the products on the 
dried gels, autoradiograms were recorded 
on storage phosphor screens (Kodak) and 
imaged on a Personal Molecular Imager® FX 
system (Bio-Rad) using the Quanti ty One v4.0 
program (Bio-Rad). For the double-labelling 
experiments aimed at examining the sulphati on 
of newly synthesised POMC, the NILs were 
pulse labelled for 15 minutes with 6.67 mCi/
ml Na2[
35S]SO4 (ICN Radiochemicals) and 1 
mCi/ml L-[4,5-3H]-lysine monohydrochloride 
(Amersham Biosciences). For quanti fi cati on, 
the double-labelled radioacti ve NIL proteins 
were separated by SDS-PAGE, and slices (2 
mm x 1 cm) were cut from the gel, the 3H- 
and 35S-dpm were counted on a Wallac 1410 
Liquid Scinti llati on Counter (Pharmacia) and 
the amount of incorporated [35S]-sulphate 
relati ve to the amount of incorporated [3H]-
lysine was determined for newly synthesised 
POMC. N-linked glycogroups were removed 
from the newly synthesised NIL proteins using 
Pepti dyl N-glycosidase F (PNGaseF; Roche) as 
described previously (Strati ng et al., 2007).
Light microscopy
To investi gate the expression patt erns of 
the p24β1- and p24γ3-transgene products in 
the brains and pituitaries of the transgenic 
Xenopus, frog brains with the pituitaries 
att ached were dissected and fi xed in 4% 
paraformaldehyde (PFA) in 0.01 M phosphate-
buﬀ ered saline pH 7.4 (PBS) for eight hours 
at 4°C. Aft er overnight cryoprotecti on in 15% 
sucrose in PBS at 4°C, 20 μm-thick sagitt al 
cryosecti ons were cut, mounted on poly-L-
lysine coated slides and dried for two hours 
at 45°C. For POMC immunolocalisati on, the 
slides were incubated with an anti -Xenopus 
POMC anti body (ST62, recognising only the 
precursor form) and a Texas red-conjugated 
goat-anti -rabbit secondary anti body (Jackson 
ImmunoResearch Laboratories, West Grove, 
PA, USA), washed with PBS and mounted 
in fl uor safe. The slides were analysed 
with a Leica DM RA microscope (Leica 
Microsystems, Wetzlar, Germany) using a 
Cohu CCD-camera (Cohu, San Diego, CA, USA) 
and the Leica QFluoro v1.2 program. To study 
the localisati on of the GFP-fusion proteins 
in live melanotrope cells, cells were isolated 
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as described previously (Van Rosmalen and 
Martens, 2006), seeded in poly-L-lysine 
coated glass-bott om dishes (WillCo Wells, 
Amsterdam, The Netherlands) and cultured 
overnight at 22°C. For live-cell imaging, the 
culture medium was replaced by Ringers 
medium and the cells were directly imaged 
using an MRC1024 confocal microscope (Bio-
Rad, Hercules, CA, USA).
Electron microscopy 
Preparati on of samples and electron 
microscopy analyses were performed as 
described previously (Strati ng et al., 2007). 
Briefl y, the ti ssue was rapidly frozen by 
High-Pressure Freezing using a Leica EM 
High-Pressure Freezing system (HPF, Leica 
Microsystems), freeze-substi tuted according 
to standard procedures, embedded in 
Lowicryl HM20 resin (Bio-Rad Richmond, 
California, USA), processed for postembedding 
immunohistochemistry with protein A-labelled 
10 nm gold markers as secondary anti body, 
contrasted in uranyl acetate and studied using 
a JEOL1010 TEM electron microscope.
Quanti fi cati on and stati sti cs
Stati sti cal evaluati on was performed using 
unpaired two-tailed t-tests. In those cases 
where the variances were signifi cantly 
diﬀ erent, Welch’s correcti on was used. 
Diﬀ erences in mean values were considered of 
stati sti cal signifi cance if p<0.05. Calculati ons 
were performed using the GraphPad Prism 4 
program (GraphPad Soft ware).
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Supplementary Figure S1. Localisati on of the p24α3-GFP and p24δ2-GFP fusion proteins in 
transgenic Xenopus intermediate pituitary melanotrope cells
Confocal laser scanning microscopy analysis of live melanotrope cells transgenic for p243 (line 
#55) or p242 (line #224). In the p243-tmcs, GFP-fl uorescence was found dispersed throughout 
the cytoplasm in structures that probably represent ER, whereas no obvious fl uorescence in 
Golgi-like structures was observed. In contrast, in the p242-tmcs GFP-fl uorescence was clearly 
observed in perinuclear Golgi-structures and also in more diﬀ use ER-like structures. Bars equal 
5 m.
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ABSTRACT
In the secretory pathway, the p24 protein family plays an important but unclear role 
in transport processes at the endoplasmic reti culum-Golgi interface. When Xenopus 
laevis intermediate pituitary melanotrope cells are physiologically acti vated, a 
representati ve of each p24 subfamily (i.e. p243, -1, -3 and -2) is upregulated co-
ordinately with the major melanotrope cell secretory cargo protein, the prohormone 
proopiomelanocorti n (POMC). The four upregulated p24 proteins have been found 
to be functi onally nonredundant in the melanotrope secretory pathway. Intriguingly, 
two other family members (p242, and -1) are also expressed, but not upregulated 
upon melanotrope cell acti vati on and we here explored the eﬀ ects of their transgene 
expression on Xenopus POMC biosynthesis. In the p242-transgenic melanotrope 
cells, the sulphati on but not the glycosylati on of POMC was altered, whereas its 
related member p243 (upregulated p24 set) changed only POMC glycosylati on and 
not sulphati on. The transgene expression of p241 did not aﬀ ect the structure and 
functi oning of the secretory pathway, while its close relati ve p242 (upregulated set) 
clearly aﬀ ected the glycosylati on and sulphati on of POMC. Thus, both p242 and 
p241 are functi onally diﬀ erent from their respecti ve upregulated subfamily relati ves, 
demonstrati ng that even p24 proteins from the same subfamily are functi onally 
nonredundant.
Functi onal diversity within p24 subfamilies
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INTRODUCTION
The secretory pathway comprises a collecti on of organelles dedicated to the transport 
and postt ranslati onal modifi cati on (e.g. glycosylati on, sulphati on and proteolyti c 
cleavage) of plasma membrane and secretory proteins (here collecti vely referred to 
as secretory cargo). Protein transport through the secretory pathway is designed to 
be selecti ve and one of the key steps occurs at the interface of the endoplasmic 
reti culum (ER) and the Golgi. A family of ~24K type-I transmembrane proteins, the 
p24 protein family, consists of the subfamilies , ,  and , and plays an important 
role in the selecti ve ER-Golgi transport processes [reviewed in Carney and Bowen 
(2004)]. The p24 proteins are abundant consti tuents of the membranes of the 
early secretory pathway and they conti nuously cycle between these compartments 
[reviewed in Emery et al. (1999); Kaiser (2000)]. The exact role of the p24 proteins is 
unclear, but proposed functi ons include a role as cargo receptor for specifi c secretory 
cargo proteins in the lumen (Schimmöller et al., 1995; Stamnes et al., 1995; Belden 
and Barlowe, 1996; Rojo et al., 1997; Marzioch et al., 1999; Muñiz et al., 2000; 
Takida et al., 2008) and as receptors for the COPI vesicle coat on the cytoplasmic 
side (Sohn et al., 1996; Bremser et al., 1999; Gommel et al., 2001; Aguilera-Romero 
et al., 2008). Additi onal roles have been proposed in the organisati on of secretory 
pathway membranes (Lavoie et al., 1999; Rojo et al., 2000; Emery et al., 2003; 
Mitrovic et al., 2008), in the quality control of secretory protein movement (Wen 
and Greenwald, 1999) and in the supply of machinery proteins to secretory pathway 
subcompartments (Strati ng et al., 2007).
For our studies on the role of p24 proteins, we use a physiologically relevant, 
inducible cell model, namely the Xenopus laevis intermediate pituitary melanotrope 
cells. These professional neuroendocrine secretory cells play a key role in the 
process of background adaptati on of the animal. In response to a visual input, the 
melanotrope cells produce and process large amounts of their major secretory cargo 
protein proopiomelanocorti n (POMC) [reviewed in Kuiper and Martens (2000)]. 
When melanotrope cells are physiologically induced by placing the frogs on a black 
background, a subset of p24 proteins (p243, -1, -3 and -2) becomes upregulated 
together with POMC. Two other p24 proteins (p242 and -1) are expressed in the 
melanotrope cells, but not co-ordinately with POMC (Rött er et al., 2002). Note that 
for the six p24 proteins an alternati ve nomenclature has been used: GMP25iso for 
p243, p24/p241, p28/p242, p27/p243, p23/p241 and p23iso/p242 (Dominguez 
et al., 1998).
We have previously generated four separate lines of transgenic Xenopus laevis, each 
stably expressing one of the four p24 proteins co-ordinately expressed with POMC, 
and have shown for the fi rst ti me the functi onal non-redundancy of the members 
of each of the four subfamilies in the process of POMC biosynthesis (Strati ng et al., 
2007; Strati ng et al., 2009). Here, we decided to compare the roles of two members 
of the same p24 subfamily, namely of p242 and p243 from the p24 family, and 
of p241 and p242 from the p24 family. We therefore generated Xenopus with 
melanotrope cell-specifi c, stable transgene expression of p242 or p241, and 
functi onally compared the transgenic melanotrope cells with those transgenic for 
their close relati ves p243 or p242.
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RESULTS
Generati on of Xenopus laevis with stable transgene expression of p24γ2 or p24δ1 
specifi cally in the melanotrope cells
For our functi onal studies, we generated Xenopus laevis with transgene expression of 
the p242- or the p241-protein driven specifi cally to the melanotrope cells by a 529-
bp Xenopus laevis POMC gene A promoter fragment [pPOMC (Jansen et al., 2002)] 
(Figure 1A). The p242 and p241 cDNAs were fused to GFP to allow direct selecti on 
of embryos expressing the transgene. We generated two independent F0 frogs for 
p242-GFP (#25 and #118) and seven independent transgenic F0 animals for p241-
GFP (#179, #181, #182, #183, #184, #252, and #290). Next, F1 oﬀ spring was generated 
from several F0 animals by in vitro ferti lisati on (IVF) of eggs harvested from wild-type 
females with sperm isolated from the testes of three transgenic males (lines #118, 
#252 and #290), or by IVF of eggs harvested from one transgenic female with sperm 
isolated from the testes of wild-type males (line #25). Expression of the transgenes 
specifi cally in the intermediate pituitary could readily and directly be observed in 
living tadpoles (Supplementary Figure S1A), in the dissected pituitary of adult frogs 
Figure 1. Generati on and expression analysis of Xenopus melanotrope cells 
transgenic for p24γ2 or p24δ1 
A, Schemati c depicti on of the injecti on fragments pPOMC-p24γ2-GFP and 
pPOMC-p24δ1-GFP which includes a Xenopus POMC gene promoter fragment 
(pPOMC) to drive transgene expression specifi cally to the melanotrope cells 
and the protein-coding sequence of p24γ2-GFP or p24δ1-GFP cDNA respecti vely. 
B, Localisati on of the p24γ2- and p24δ1-transgene products by confocal 
microscopy analysis in live Xenopus laevis intermediate pituitary melanotrope 
cells from frogs transgenic for p24γ2 (#25) or p24δ1 (#252). Bars equal 5 μm. C, 
Western blot analysis of neurointermediate lobe (NIL) lysates from wild-type 
frogs (wt) and frogs transgenic for p24γ2 (#25) or p24δ1 (#252) with an anti -
GFP anti body or anti -p24 anti bodies. Tubulin was used as a control for equal 
loading. 
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(not shown), and in sagitt al brain-pituitary secti ons of adult animals (Supplementary 
Figure S1B).
We fi rst investi gated the localisati on of the transgene products by confocal microscopy 
on live transgenic melanotrope cells (tmcs). The p242-GFP protein clearly showed a 
reti cular staining typical for the ER, whereas the p241-GFP protein showed a clear 
localisati on to perinuclear Golgi-like structures along with a more diﬀ use staining 
(probably ER) (Figure 1B). Next, we investi gated the transgene expression levels 
by Western blot analysis and found that lines #25 and #252 were the strongest 
expressing lines for the p242-GFP and the p241-GFP fusion protein respecti vely 
(data not shown), and that their expression levels were similar (Figure 1C). Since 
the remaining p242- and p241-transgenic lines showed similar characteristi cs as 
those of lines #25 and #252 respecti vely, we decided to focus on the analysis of the 
two latt er lines. In these p242- and p241-tmcs, the levels of the endogenous p243, 
-1, -2, -3, -1 and -2 proteins were not signifi cantly aﬀ ected (Figure 1C), indicati ng 
that the transgene expression of p242 or p241 did not aﬀ ect the endogenous p24 
systems.
Steady-state levels of secretory cargo proteins in the transgenic Xenopus 
melanotrope cells
To probe the eﬀ ect of the transgene expression of p242 or p241 on the functi oning 
of the secretory pathway in the melanotrope cells, we fi rst determined the steady-
state levels of three cargo proteins, namely of the soluble secretory cargo proteins 
POMC and its processing enzyme prohormone convertase PC2, and of the type-I 
transmembrane cargo protein amyloid- precursor protein (APP). Western blot 
analysis showed that the steady-state levels of POMC, PC2 and APP were not aﬀ ected 
(Figure 2). MALDI-TOF mass spectrometry revealed that the producti on of the POMC-
derived pepti des des-N--acetyl--MSH (the nonacetylated form of -MSH), -MSH, 
1-MSH, -MSH and two corti cotrophin-like intermediate lobe pepti des (CLIP A and 
B) was unaﬀ ected in the p242- and p241-tmcs (not shown), indicati ng that the 
p242- and the p241-tmcs converted POMC into the same set of bioacti ve pepti des 
as wild-type cells. 
Figure 2. Steady-state levels of secretory cargo proteins in wild-type and the 
p24γ2- and p24δ1-transgenic Xenopus melanotrope cells
Western blot analysis of neurointermediate lobe (NIL) lysates from wild-
type frogs (wt) and p242-transgenic (line #25) or p241-transgenic (line 
#252) frogs using anti bodies directed against the soluble cargo proteins 
proopiomelanocorti n (POMC) and prohormone convertase 2 (PC2), and the 
transmembrane cargo amyloid- precursor protein (APP). Tubulin was used as 
a control for equal loading.
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Biosynthesis and postt ranslati onal processing of newly synthesised POMC in the 
Xenopus transgenic melanotrope cells
Next, we wanted to further investi gate the functi oning of the secretory pathway by 
examining the biosyntheti c events in the tmcs. The intermediate lobe of the pituitary 
containing the neuroendocrine melanotrope cells is inti mately associated with the 
pars nervosa (biosyntheti cally inacti ve nerve terminals of hypothalamic origin), 
together making up the neurointermediate lobe (NIL) of the pituitary. Therefore, we 
examined the biosyntheti c acti vity for POMC producti on in the NIL. Metabolic cell-
labelling experiments revealed that following a 30 minutes pulse the levels of newly 
synthesised 37K POMC and pro-PC2 produced in the p242- and the p241-tmcs were 
not signifi cantly diﬀ erent from those in wild-type cells (Figures 3A and 3C).
We then analysed the dynamics of POMC biosynthesis by pulse-chase metabolic cell 
labelling. Following a 30 minutes pulse and a three hours chase period, and compared 
to wild-type cells, we observed a slightly, but signifi cantly, increased amount of newly 
synthesised 37K POMC remaining in the p242-tmcs (~1.5-fold; n=6; p=0.04), whereas 
the amount remaining in the p241-tmcs was not signifi cantly elevated (~1.4-fold; 
n=6; p=0.25) (Figures 3B and 3D). These observati ons are in line with the Western 
blot results showing only a minor increase in the steady-state levels of 37K POMC in 
both the p242- and the p241-tmcs (Figure 2). 
The proteolyti c cleavage of 37K POMC yields an ~18K POMC product corresponding 
to the N-terminal part of the prohormone and containing the only N-linked 
glycosylati on site present in the Xenopus POMC molecule (Martens, 1986). Two 
forms of newly synthesised 18K POMC are produced in wild-type melanotrope cells, 
namely a major 18K POMC product (~70%) and a minor, slightly slower migrati ng 18K* 
POMC product (~30%) (Figure 3B) (Bouw et al., 2004; Strati ng et al., 2007). We have 
previously shown that the 18K and 18K* POMC products diﬀ er only in their N-linked 
glycogroups (Strati ng et al., 2007). In the p242-tmcs, the amount of 18K POMC was 
not aﬀ ected, whereas the amount of 18K* POMC was only slightly increased (Figures 
3B and 3E), suggesti ng a minor alterati on in the Golgi-based glycosylati on events. In 
the p241-tmcs, the amounts of both 18K and 18K* POMC were unaﬀ ected (Figures 
3B and 3E). Deglycosylati on of the newly synthesised proteins isolated from wild-
type and the p242- and p241-tmcs with pepti dyl N-glycosidase F (PNGaseF) caused 
a shift  of both the 18K and 18K* POMC products to a product of ~15.5K (data not 
shown). This fi nding indicates that, like in wild-type cells, in the p242- and p241-
tmcs the 18K and 18K* POMC products diﬀ er in their glycogroups and not in their 
protein backbone. Together, the results indicated that the glycosylati on machinery 
was only slightly aﬀ ected in the p242-tmcs and unaﬀ ected in the p241-tmcs.
In additi on to N-linked glycosylati on, POMC is also postt ranslati onally modifi ed 
in the Golgi by sulphati on (Van Kuppeveld et al., 1997). To examine the degree of 
sulphati on of newly synthesised POMC, we pulse labelled the cells with both [3H]-
lysine (to quanti fy the total amount of newly synthesised POMC) and [35S]-sulphate 
(to quanti fy the level of sulphati on of the newly synthesised prohormone). Sulphati on 
of newly synthesised 37K POMC was not aﬀ ected in the p241-tmcs, whereas the 
level of sulphated POMC was ~2-fold increased in the p242-tmcs (Figure 4).
Electron and immuno-electron microscopy analysis of the transgenic Xenopus 
melanotrope cells
To examine whether the expression of the p242- or the p241-transgene product 
had led to any ultrastructural changes of the tmcs, we studied the cells by (immuno-)
EM. Like in wild-type cells, the rough ER was well developed in the p242- and p241-
tmcs, and the Golgi had a normal ultrastructure (not shown). Immuno-EM revealed 
Functi onal diversity within p24 subfamilies
85
5
Figure 3. The eﬀ ect of p24γ2- or p24δ1-transgene expression on POMC biosynthesis 
and processing in Xenopus melanotrope cells
A-E, Neurointermediate lobes (NILs) from wild-type frogs (wt) and frogs transgenic 
for p242 (line #25) or p241 (line #252) were pulse labelled with [35S]-methionine/
cysteine for 30 minutes and chased for the indicated ti me periods. Newly 
synthesised proteins extracted from the NILs (Cells; 5% of extract) or secreted into 
the incubati on medium (Media; 20%) were resolved by 15% SDS-PAGE and visualised 
by autoradiography. A, To study the biosynthesis of POMC, NILs were pulsed for 30 
minutes. Representati ve autoradiograms from two independent experiments are 
shown. B, To study the processing of newly synthesised POMC, NILs were pulsed for 
30 minutes and subsequently chased for three hours. The analyses were performed 
in at least four independent experiments and representati ve autoradiograms are 
shown. C, The amount of newly synthesised 37K POMC produced during the 30 
minutes pulse period in wt (n=6) and the p242-transgenic (n=6) and p241-transgenic 
(n=6) cells (A) was quanti fi ed and is shown relati ve to the wt cells. D, The amount 
of newly synthesised 37K POMC remaining aft er the chase period in wt (n=6) and 
the p242-transgenic (n=6) and p241-transgenic (n=6) cells (B) was quanti fi ed and 
is shown relati ve to the wt cells. E, The amounts of newly synthesised 18K and 18K* 
POMC aft er the chase period in wt (n=6) and the p242-transgenic (n=6) and p241-
transgenic (n=6) cells (B) were quanti fi ed and are shown relati ve to wt 18K POMC. 
Indicated are the 18K/18K* rati os and their stati sti cal evaluati ons. Data are shown 
as means +/- SEM. n.s., not signifi cant (i.e. p>0.05); *, p<0.05.
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that in wild-type and the p242- and p241-tmcs POMC was localised mainly to the 
Golgi apparatus and the dense-core secretory granules (not shown).
Figure 4. Sulphati on of newly synthesised POMC in the p24γ2- 
and p24δ1-transgenic Xenopus melanotrope cells
Neurointermediate lobes (NILs) from wt frogs and frogs 
transgenic for p242 (line #25) or p241 (line #252) were pulse 
labelled with [35S]-sulphate and [3H]-lysine for 15 minutes. 
Newly synthesised proteins extracted from the NILs were 
resolved by 12.5% SDS-PAGE and the amount of [35S]-sulphate 
and [3H]-lysine incorporated into newly-synthesised 37K POMC 
was determined. Shown are the amounts of newly synthesised 
sulphated 37K POMC produced in the transgenic relati ve to wt 
NILs. Data are shown as means +/- SEM (wt n=12; #25 n=3; 
#252 n=6). n.s., not signifi cant (i.e. p>0.05); ***, p<0.001.
DISCUSSION
In this study, we generated Xenopus with stable transgene expression of 
p242 or p241 specifi cally in the melanotrope cells to study their functi ons 
in secretory cargo biosynthesis in a physiologically relevant professional 
secretory cell model. In Xenopus melanotrope cells, p242 and p241 are not 
coregulated with the main cargo protein POMC, whereas the p243, -1, -3 
and -2 proteins, thus one member of each p24 subfamily, are upregulated 
together with the prohormone (Rött er et al., 2002). Since we previously 
examined POMC biosynthesis in melanotrope cells transgenic for the p243 
and p242 proteins (Strati ng et al., 2007; Strati ng et al., 2009), we are now 
in the unique positi on to compare the roles of p242 and p241 in secretory 
cargo biosynthesis with those of their subfamily members p243 and p242 
respecti vely. We fi nd that the p242-transgene product localises to the ER, 
whereas the p243-transgene product localised exclusively to perinuclear 
Golgi-like structures. In contrast, the p241- and p242-transgene products 
showed a similar localisati on in perinuclear Golgi-like structures and more 
diﬀ use throughout the cell. Thus, the localisati ons of the various p24 
transgene products are diﬀ erent but they are consistent with the previously 
reported localisati ons of their endogenous p24 counterparts in the ER-
Golgi-compartments [reviewed in Emery et al. (1999)]. Like for p243, the 
p242-transgene product did not aﬀ ect the steady-state levels of the 
endogenous p24 proteins. The p241-transgene product did also not aﬀ ect 
the levels of the endogenous p24 proteins, whereas the similarly localised 
p242-transgene product eﬃ  ciently displaced all endogenous p24 proteins 
(70-90% displacement) (Strati ng et al., 2007). Thus, the displacement of the 
endogenous p24 proteins is not determined by merely the localisati on of the 
transgene product. Possibly, p241 and p242 interact diﬀ erently with the 
other p24 proteins, although the predicted coiled-coil regions of the two p24 
members, proposed to mediate p24 interacti ons (Ciufo and Boyd, 2000), show 
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Animals
South African claw-toed frogs Xenopus 
laevis were bred, reared and adapted to a 
black background for at least three weeks at 
the Central Animal Facility of the Radboud 
University (Nijmegen, The Netherlands). 
All animal experiments were carried out in 
accordance with the European Communiti es 
Council Directi ve 86/609/EEC for animal 
welfare, permit RBD0166(H10) to generate 
and house transgenic Xenopus and permits 
RU-DEC 2003-53 and 2007-027 from the 
animal experiment committ ee of the 
Radboud University for the use of Xenopus 
laevis frogs. 
Anti bodies
The rabbit polyclonal anti bodies against 
Xenopus laevis p243, p242, p241, p242 
and APP have been described previously 
(Kuiper et al., 2001; Rött er et al., 2002; 
Collin et al., 2005). Polyclonal anti bodies 
against p24/p241 (Jenne et al., 2002), 
p243/4 (Dominguez et al., 1998), GFP, the 
Xenopus POMC prohormone and PC2, and 
the monoclonal anti -tubulin anti body (Chu 
and Klymkowsky, 1989) were obtained from 
Drs F. Wieland (BZH, Heidelberg, Germany), 
T. Nilsson (Göteborgs University, Göteborg, 
Sweden), J. Fransen (NCMLS, Nijmegen, The 
Netherlands), S. Tanaka (Shizuoka University, 
Japan), W.J.M. Van de Ven (University of 
MATERIALS AND METHODS
a relati vely high degree of amino acid sequence identi ty (84%). In contrast 
to p243, the transgene expression of p242 did not aﬀ ect the transport of 
secretory cargo, in line with the results for p241 and p242. Interesti ngly, 
the p242-tmcs showed a clear increase in POMC-sulphati on, but POMC-
glycosylati on was only marginally aﬀ ected, whereas the p243-tmcs had a 
normal sulphati on but clearly aﬀ ected the glycosylati on of the prohormone. 
The p242-tmcs displayed a severely aﬀ ected glycosylati on and sulphati on 
of POMC, while the postt ranslati onal modifi cati ons were unaﬀ ected in the 
p241-tmcs. Finally, the p242- and p241-tmcs had a normal ultrastructure, 
as was the case for the p243- and p242-tmcs (Strati ng et al., 2007; Strati ng 
et al., 2009).
Collecti vely, our data show clearly diﬀ erent eﬀ ects of the subfamily members 
p242 and p243, and of p241 and p242 on POMC biosynthesis. Unti l 
now, studies that have compared the roles of p24 proteins from the same 
subfamily are scarce. In yeast, members of the p24-subfamily have been 
shown to display a parti al redundancy, as did members of the p24-subfamily 
(Marzioch et al., 1999). In vertebrates, the closely related p24 proteins p26/
p244 and p27/p243 have been found to bind to coatomer with diﬀ erent 
aﬃ  niti es (Béthune et al., 2006). Thus, for the fi rst ti me we show that in 
vertebrates not only members of diﬀ erent p24 subfamilies, but also members 
of the same p24 subfamily have non-redundant roles in the biosynthesis of 
secretory cargo proteins. Intriguingly, our fi ndings implicate that, although 
structurally clearly related, one subfamily member cannot simply replace 
another member of the same subfamily. Considering the hypothesis that p24 
proteins furnish subcompartments of the secretory pathway with subsets of 
machinery proteins (Strati ng et al., 2007), the results described here indicate 
that not only p24 proteins from diﬀ erent subfamilies but even those from the 
same subfamily target a specifi c subset of machinery proteins. 
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Leuven, Belgium) and B. Wieringa (NCMLS, 
Nijmegen, The Netherlands) respecti vely.
Generati on of Xenopus laevis transgenic for 
p24γ2 or p24δ1
The Xenopus transgenesis experiments were 
performed as described before (Strati ng et al., 
2007). To generate Xenopus laevis transgenic 
for Xenopus p242 with the enhanced green 
fl uorescent protein (GFP) protein fused in 
frame to its C-terminus (p242-GFP fusion 
protein), we used a linear 2226-base pair 
SalI/NarI DNA fragment (construct pPOMC-
p242-GFP; Figure 1A) containing the Xenopus 
POMC promoter fragment [pPOMC (Jansen et 
al., 2002)], a cDNA encoding p242-GFP. For 
the p241-transgenic Xenopus, a similar 2211-
base pair SalI/NarI DNA fragment (construct 
pPOMC-p241-GFP; Figure 1A) was used with 
a p241 cDNA instead of the p242 cDNA. 
The linearised DNA-constructs (pPOMC-
p242-GFP or pPOMC-p241-GFP, Figure 1A) 
were mixed with wild-type Xenopus sperm 
nuclei and microinjected into unferti lised 
wild-type Xenopus eggs. The generati on of 
Xenopus laevis with melanotrope cell-specifi c 
transgene expression of p243 or p242 has 
been described previously (Strati ng et al., 
2007; Strati ng et al., 2009). The expression 
levels of the p242- and p241-transgene 
products in the transgenic lines #25 (p242) 
and #252 (p241) were lower than those of 
the previously described p243-transgene 
product in line #222 (#25 1.8-fold and #252 
1.7-fold) and the p242-transgene product in 
line #224 (#25 3.2-fold and #252 3.0-fold).
Western blot analysis
Western blot analysis and quanti fi cati on of 
the proteins on the blots was performed as 
described previously (Strati ng et al., 2009).
MALDI-TOF MS
Matrix-assisted laser-desorpti on-ionisati on 
ti me-of-fl ight mass spectrometry (MALDI-TOF 
MS) to examine POMC-derived pepti des was 
performed as previously described (Strati ng 
et al., 2007).
Pulse and pulse-chase analysis
Metabolic cell labelling experiments were 
performed as described before (Strati ng et 
al., 2009).
Microscopical analyses
To investi gate the expression patt erns of 
the p242- and p241-transgene products in 
the brains and pituitaries of the transgenic 
Xenopus, cryosecti ons of frog brains with the 
pituitaries att ached were immunostained as 
described previously (Strati ng et al., 2009). 
To study the intracellular localisati on of the 
fusion proteins, transgenic melanotrope 
cells were isolated and imaged as described 
previously (Strati ng et al., 2009). For electron 
microscopy analysis, NILs were frozen by 
high-pressure freezing and further processed 
using standard methods as described (Strati ng 
et al., 2007).
Quanti fi cati on & stati sti cs
Stati sti cal evaluati on was performed using 
unpaired two-tailed t-tests. Welch’s correcti on 
was used when variances were signifi cantly 
diﬀ erent. Means were considered signifi cantly 
diﬀ erent when p<0.05. Calculati ons were 
performed using the GraphPad Prism 4 
program (GraphPad Soft ware).
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5Supplementary Figure S1. Generati on of Xenopus with transgene expression of p24γ2 or p24δ1 specifi cally in the melanotrope cells of the intermediate 
pituitary
A, GFP-fl uorescence specifi c in the pituitary (arrows) of living tadpoles 
transgenic for p242 (line #25) or p241 (line #252); E, eye; G, gut; N, nose. B, 
Sagitt al cryosecti ons through the brain and pituitary of adult frogs transgenic 
for p242 (line #25) or p241 (line #252) show GFP-fl uorescence only in the IL 
but not in the AL of the pituitary. POMC is detected with a primary anti body 
recognising only the 37K prohormone and a texas red-conjugated secondary 
anti body. POMC is most prevalent in the melanotrope cells of the IL, but 
also present in the corti cotrope cells of the AL. Because of the melanotrope 
cell-specifi c transgene acti vity of the POMC gene promoter fragment, the 
corti cotrope cells do not show GFP fl uorescence. The bars equal 100 m. A 
colour version of this fi gure is printed on page 174.
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ABSTRACT
The p24 family is thought to be somehow involved in endoplasmic reti culum-to-
Golgi protein transport, and its members are major consti tuents of transport vesicles 
and bind to the vesicle coat protein complexes COPI and COPII. A subset of the p24 
proteins (p243, -1, -3 and -2) is upregulated when Xenopus laevis intermediate 
pituitary melanotrope cells are physiologically acti vated to produce vast amounts of 
their major secretory cargo, the prohormone proopiomelanocorti n (POMC). Here, 
we generated Xenopus with stable, melanotrope cell-specifi c transgene expression 
of p242 mutated in its COPI- or COPII-binding moti f to study the eﬀ ect of the 
removal of the moti fs on the biosynthesis of POMC. In contrast to what has been 
found previously for wild-type p242, the p242 mutati ons prevented the Golgi 
localisati on of the transgene products and caused a reduced rate of POMC cleavage, 
but did not lead to a reducti on of the endogenous p24 proteins nor to aberrati ons in 
POMC glycosylati on and sulphati on. We conclude that the COPI- and COPII-binding 
sites of p242 are crucial for proper POMC processing and, more general, that the 
p24 proteins fulfi l their role in secretory protein biosynthesis via COPI-/COPII-coated 
transport vesicles.
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INTRODUCTION
The secretory pathway comprises a collecti on of membrane-bounded organelles 
with specialised functi ons in the biosynthesis of proteins desti ned for the plasma 
membrane or the extracellular space (in this report referred to as secretory cargo). 
Proteins enter the secretory pathway in the endoplasmic reti culum (ER), where they 
are properly folded and can undergo initi al postt ranslati onal modifi cati ons, such 
as N-glycosylati on. Following selecti ve packaging into transport vesicles, secretory 
cargo is carried to the Golgi apparatus and beyond to subsequent compartments in 
which the cargo molecules undergo further postt ranslati onal processing necessary 
for their biological acti vity (e.g. N-glycan maturati on, sulphati on and proteolyti c 
cleavage) (Palade, 1975). The various vesicular transport steps in the secretory 
pathway operate both in the anterograde directi on (to move secretory cargo and 
bring machinery proteins to their correct subcompartments) and in the retrograde 
directi on (to retrieve escaped machinery proteins and thus preserve compartmental 
identi ty). Transport vesicles coated with the COPII-protein complexes mediate 
anterograde ER-to-Golgi transport (Barlowe et al., 1994), whereas COPI-coated 
vesicles serve retrograde intra-Golgi and Golgi-to-ER transport processes (Cosson 
and Letourneur, 1994; Letourneur et al., 1994).
Members of the p24 family of ~24K type-I transmembrane proteins [subdivided into 
subfamilies p24, -, - and - (Dominguez et al., 1998)] are abundant consti tuents 
of both COPI- and COPII-coated vesicles, as well as of ER and cis-Golgi membranes 
(Wada et al., 1991; Schimmöller et al., 1995; Stamnes et al., 1995; Blum et al., 1996; 
Sohn et al., 1996; Rojo et al., 1997; Dominguez et al., 1998; Blum et al., 1999; Füllekrug 
et al., 1999; Bell et al., 2001; Kuiper et al., 2001), and cycle constantly between these 
membranes (Nickel et al., 1997; Blum et al., 1999; Füllekrug et al., 1999; Gommel 
et al., 1999; Kuiper et al., 2001). The p24 proteins bind the COPI- and COPII-coat 
complexes through moti fs in their cytoplasmic tails (Sohn et al., 1996; Dominguez 
et al., 1998; Contreras et al., 2004; Béthune et al., 2006). COPII-binding takes place 
via a double-phenylalanine (FF) moti f that mediates binding to the Sec23-subunit 
(Dominguez et al., 1998). COPI-binding has initi ally been proposed to occur via the 
dilysine (KK) moti f (Sohn et al., 1996; Dominguez et al., 1998) that resembles the 
COPI-binding ER-retrieval moti f K(X)KXX (Jackson et al., 1990; Cosson and Letourneur, 
1994), although the binding appeared to be modulated by other residues, including 
the FF-moti f (Fiedler et al., 1996; Sohn et al., 1996; Dominguez et al., 1998). Recently, 
Béthune et al. (2006) showed that only the p24-subfamily members contain the 
canonical K(X)KXX-moti f for COPI-binding and discovered a novel COPI-binding moti f 
(FFXXBBXn, n≥2; B indicates a basic residue) that is present in all members of the p24 
family (including p24). 
The p24 proteins play an important but poorly understood role in selecti ve transport 
processes in the early secretory pathway [reviewed in Carney and Bowen (2004)]. 
Initi ally, p24 proteins have been proposed to act as receptors for specifi c sets of 
secretory cargo molecules (the cargo receptor model) (Schimmöller et al., 1995; 
Stamnes et al., 1995; Belden and Barlowe, 1996; Rojo et al., 1997; Marzioch et al., 
1999; Muñiz et al., 2000). Additi onal roles have been suggested in the biogenesis 
and functi oning of transport vesicles, in the organisati on of secretory pathway 
membranes (Rojo et al., 1997; Gommel et al., 1999; Lavoie et al., 1999; Rojo et al., 
2000; Emery et al., 2003) and in the supply of machinery cargo to subcompartments 
of the secretory pathway (Strati ng et al., 2007). 
For our studies on p24, we employ a well-defi ned, physiologically relevant model 
system, namely the melanotrope cells in the intermediate pituitary of the amphibian 
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Xenopus laevis. The melanotrope cells are neuroendocrine cells strictly regulated 
by inhibitory and sti mulatory neurons of hypothalamic origin. The acti vity of 
the melanotrope cells can be infl uenced by placing the frogs on a white or black 
background (inacti ve and highly acti ve melanotrope cells respecti vely). Acti vated 
melanotrope cells are professional secretory cells that produce vast amounts of the 
prohormone proopiomelanocorti n (POMC). POMC is proteolyti cally processed to a 
number of bioacti ve pepti des among which -melanophore-sti mulati ng hormone 
(-MSH), which mediates background adaptati on of the animal [reviewed by Kuiper 
and Martens (2000)]. A member of each of the four p24 subfamilies [p243 (also 
named GMP25iso), p241 (p24), p243 (p27) and p242 (p23iso)] is co-ordinately 
expressed with POMC, suggesti ng a role in the biosynthesis of POMC (Rött er et 
al., 2002). We previously generated four separate lines of transgenic Xenopus each 
stably expressing one of these four p24 proteins specifi cally and inducibly in the 
melanotrope cells to investi gate the functi on of p24 proteins in POMC biosynthesis. 
We found disparate eﬀ ects for each of the four p24 proteins on the transport, 
processing rate, glycosylati on and sulphati on of POMC (Strati ng et al., 2007; Strati ng 
et al., 2009). In the p242-transgenic melanotrope cells, we observed altered POMC 
glycosylati on and sulphati on patt erns. Since p24 proteins bind COPI and COPII (Sohn 
et al., 1996; Dominguez et al., 1998; Contreras et al., 2004; Béthune et al., 2006), and 
are required for the formati on of -at least- COPI-vesicles (Bremser et al., 1999), we 
wondered to what extent the binding of COPI and COPII is important for the role of 
p242 in the process of secretory protein biosynthesis. 
Here, we mutated the COPI-binding moti f KK or the COPII-binding moti f FF in the 
cytoplasmic tail of p242 and transgenically expressed the p242 mutants specifi cally 
in the melanotrope cells of Xenopus. We report that each of the mutati ons resulted in 
a melanotrope cell phenotype that in various aspects is disti nct from the previously 
observed eﬀ ects caused by the wild-type (wt; nonmutated) p242-transgene product 
(Strati ng et al., 2007), illustrati ng the specifi city of the eﬀ ects and thus the applicability 
of our transgenic approach in an in vivo context to study the functi oning of p24.
RESULTS
Generati on of Xenopus laevis with stable transgene expression of p24δ2 with a 
mutated COPII- or COPI-binding moti f in the melanotrope cells
We generated transgenic frogs that stably expressed specifi cally in the melanotrope 
cells of the Xenopus intermediate pituitary a green fl uorescent protein (GFP)-fused 
transgene encoding p242 with either the cytoplasmic double-phenylalanine COPII-
binding moti f mutated to two alanines (p242 FF/AA) or the cytoplasmic double-
lysine COPI-binding moti f mutated to two serines (p242 KK/SS) (Figure 1A and 1B). 
Four independent transgenic F0 animals for p242 FF/AA-GFP (#225, #226, #235 and 
#236) and fi ve independent F0 frogs for p242 KK/SS-GFP (#241, #247, #248, #249 
and #250) were generated. Next, F1 oﬀ spring was produced from a number of F0 
animals by in vitro ferti lisati on (IVF) of eggs harvested from wild-type females with 
sperm isolated from the testes of six transgenic males (lines #226, #235, #241, #247, 
#248 and #249). We could readily and directly observe expression of the transgenes 
specifi cally in the intermediate pituitary in living tadpoles (Supplementary Figure 
S1A), in adult frogs aft er lift ing the brain (not shown) and in sagitt al brain-pituitary 
secti ons of adult animals (Supplementary Figure S1B).
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Figure 1. Analysis of the p24 system in the transgenic Xenopus intermediate pituitary 
melanotrope cells
A, The amino acid sequences of the C-terminal tails of the wild-type and mutated p242 
transgene products with the mutated amino acids indicated in bold. B, Schemati c depicti on of 
the linear injecti on fragments pPOMC-p242-GFP (2; Strati ng et al., 2007), pPOMC-p242 FF/
AA-GFP (FF), and pPOMC-p242 KK/SS-GFP (KK), containing a Xenopus POMC gene promoter 
fragment (pPOMC), which drives transgene expression specifi cally to the melanotrope cells 
(Jansen et al., 2002), and the protein-coding sequence of the wild-type p242-GFP, p242 FF/
AA-GFP, and p242 KK/SS-GFP respecti vely. C-D, Western blot analysis of neurointermediate 
lobe (NIL) lysates from nontransgenic (nt) frogs and frogs transgenic for p242 FF/AA (FF; #226) 
or p242 KK/SS (KK; #241) with an anti -GFP anti body (C) or anti -p24 anti bodies (D). Tubulin was 
used as a control for equal loading. E, NIL lysates were control treated (-) or deglycosylated 
with Pepti dyl N-glycosidase F (PNGaseF; F; removes all N-linked glycans irrespecti ve of 
their conformati on) or Endoglycosidase H (EndoH; H; removes only high-mannose but not 
complex N-glycans) and analysed by Western blotti  ng with an anti -p243 anti body. EndoH-
sensiti ve p243 (asterisk) was only observed in samples from the p242 FF/AA-transgenic 
cells. F, Confocal laser scanning microscopy analysis of live melanotrope cells showing GFP-
fl uorescence in reti cular structures (presumably ER) throughout the cells. Bars equal 5 m.
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Analysis of the stable transgene expression of p24δ2 with a mutated COPII- or COPI-
binding moti f in the Xenopus melanotrope cells
We used Western blot analysis to examine the transgene expression levels and found 
that lines #226 and #241 were the strongest expressing lines for the p242 FF/AA-
GFP and p242 KK/SS-GFP fusion proteins respecti vely (data not shown). Since we 
confi rmed our most relevant fi ndings in the three other, independent p242 FF/AA-
lines (#225, #235 and #236) and in the four other p242 KK/SS-transgenic lines (#247, 
#248, #249 and #250), we chose to focus on lines #226 and #241 for our detailed 
analyses. The expression level of the p242 FF/AA-transgene product in line #226 
was ~3.6-fold higher than that of the p242 KK/SS-transgene product in line #241 
(Figure 1C). In both the p242 FF/AA- and the p242 KK/SS-transgenic melanotrope 
cells (tmcs), the steady-state levels of the endogenous p24 family members were 
not altered (Figure 1D). Interesti ngly, in the p242 FF/AA-tmcs the relati ve rati os of 
the two forms of the endogenous glycosylated p24 proteins p243 and p243 were 
diﬀ erent from those in the nontransgenic cells and in the p242 KK/SS-tmcs (Figure 
1D). Deglycosylati on with Pepti dyl N-glycosidase F or Endoglycosidase H (EndoH) 
showed that in nontransgenic melanotrope cells and in the p242 KK/SS-tmcs most 
endogenous p243 was EndoH resistant and thus had obtained complex N-glycans, 
whereas in the p242 FF/AA-tmcs a large porti on of the endogenous p243 protein 
did not acquire complex N-glycans, indicati ng that in the latt er cells the endogenous 
p24 proteins (or at least p243) did not reach the medial Golgi (Figure 1E). We next 
investi gated the localisati ons of the fusion proteins within the tmcs by confocal 
microscopy on living cells. The p242 FF/AA- and p242 KK/SS-transgene products 
were both localised throughout the cytoplasm in reti cular structures that most likely 
represent the ER (Figure 1F). Remarkably, despite their similar localisati ons only the 
p242FF/AA-transgene product aﬀ ected the cycling of the endogenous p24 proteins.
Accumulati on of secretory cargo proteins in the transgenic Xenopus melanotrope 
cells
To probe the functi onality of the secretory pathway in the p242 KK/SS- and p242 FF/
AA-tmcs, we next studied by Western blotti  ng the steady-state levels of two secretory 
cargo proteins, namely POMC and its processing enzyme prohormone convertase 
2 (PC2), and of the transmembrane cargo protein amyloid- precursor protein 
(APP). POMC is synthesised as a 37K prohormone that in post-Golgi compartments 
is processed to various bioacti ve products, PC2 is synthesised as a 75K proenzyme 
(proPC2) that is proteolyti cally cleaved to yield the mature 69K PC2 product and APP 
is synthesised as an ~100K N-glycosylated protein that in the trans-Golgi becomes 
O-glycosylated, which increases its apparent molecular weight to ~110K (Collin et 
al., 2005). We found that the levels of POMC were signifi cantly increased in both the 
p242 FF/AA-tmcs (~3.4-fold; p<0.05) and the p242 KK/SS-tmcs (~3.0-fold; p<0.01) 
(Figure 2). In line with the accumulati on of the immature form of POMC we found that 
the levels of the immature proPC2 were slightly increased and the levels of mature 
69K PC2 were slightly reduced in the cells transgenic for the mutant p242-proteins, 
although these changes were stati sti cally not signifi cant (Figure 2). Furthermore the 
levels of both the ~100K and the ~110K APP products were increased in the p242 
FF/AA-tmcs (~1.7- and ~1.6-fold respecti vely; not signifi cant) and in the p242 KK/SS-
tmcs (~2.7- and ~2.1-fold respecti vely; both p<0.05) (Figure 2).
Since POMC is produced as a 37K prohormone that is subsequently proteolyti cally 
cleaved to produce a number of bioacti ve pepti des, we next used MALDI-TOF 
mass spectrometry to study in the tmcs the POMC-derived pepti de profi les. We 
readily detected the POMC-derived pepti des -MSH, des-N--acetyl--MSH 
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(the nonacetylated form of -MSH), -MSH, 1-MSH and two corti cotrophin-
like intermediate lobe pepti des (CLIPs A and B) in samples from nontransgenic 
melanotrope cells, as well as from the p242 FF/AA- and the p242 KK/SS-tmcs (data 
not shown). Thus, transgenic expression of mutated p242 aﬀ ected the degree of 
proprotein processing, but did not aﬀ ect the capability of the melanotrope cells to 
produce normal bioacti ve pepti des through proteolyti c cleavage of the 37K POMC 
prohormone. 
POMC biosynthesis was not aﬀ ected in the transgenic Xenopus melanotrope cells
We next wondered whether the increased steady-state amounts of 37K POMC 
in both the p242 FF/AA- and the p242 KK/SS-tmcs were caused by an increased 
level of POMC biosynthesis. We therefore examined the biosyntheti c producti on of 
POMC in the neurointermediate lobe (NIL) of the pituitary. The NIL consists of the 
intermediate lobe (the neuroendocrine melanotrope cells) and the pars nervosa 
(biosyntheti cally inacti ve nerve terminals of hypothalamic origin) that is inti mately 
associated with the intermediate lobe. Metabolic cell-labelling experiments revealed 
that the amounts of newly synthesised 37K POMC and 75K proPC2 produced in the 
p242 FF/AA- and p242 KK/SS-tmcs during a 30 minutes pulse were not signifi cantly 
diﬀ erent from those synthesised in nontransgenic melanotrope cells (Figures 3A and 
3B).
Proteolyti c processing of newly synthesised POMC was reduced in the transgenic 
Xenopus melanotrope cells
Since the steady-state levels of 37K POMC were increased but the producti on of 
newly synthesised 37K POMC was not altered in the tmcs, we then investi gated the 
rate of the proteolyti c processing of POMC by pulse-chase metabolic cell labelling. 
Following a 30 minutes pulse and a three hours chase period, we observed a clearly 
higher amount of newly synthesised 37K POMC remaining in the p242 FF/AA-tmcs 
(~4.6-fold; n=6) and in the p242 KK/SS-tmcs (~2.2-fold; n=6) than in nontransgenic 
cells (Figures 3C and 3D). One of the major products resulti ng from the proteolyti c 
processing of the 37K POMC precursor concerns an ~18K product that corresponds 
to the N-terminal porti on of the prohormone and that contains the only N-linked 
glycosylati on site present in Xenopus POMC (Martens, 1986). Following a 30 minutes 
pulse and a three hours chase period, we found in the p242 FF/AA-tmcs an ~1.5-
fold increase and in the media an ~1.3-fold reducti on in the level of the ~18K POMC 
product, indicati ng a reduced rate of POMC processing leading to a reduced secreti on 
of the ~18K cleavage product. The total amount of the ~18K POMC product produced 
by the p242 FF/AA-tmcs was however not signifi cantly aﬀ ected (Figures 3C and 3E). 
In contrast, for the p242 KK/SS-tmcs the amount of the ~18K POMC processing 
Figure 2. Steady-state levels of secretory cargo proteins in 
wild-type and transgenic Xenopus intermediate pituitary 
cells
Western blot analysis of neurointermediate lobe (NIL) 
lysates from nontransgenic (nt) frogs and frogs transgenic 
for p242 FF/AA (FF; line #226) or p242 KK/SS (KK; line 
#241) using anti bodies directed against the soluble 
secretory cargo proteins proopiomelanocorti n (POMC) and 
prohormone convertase 2 (PC2), and the transmembrane 
cargo amyloid- precursor protein (APP). Tubulin was used 
as a control for equal loading.
Chapter 6
98
Figure 3. The eﬀ ect of p24δ2 FF/AA- or p24δ2 KK/SS-transgene expression on 
POMC biosynthesis and processing in Xenopus melanotropes
A, Neurointermediate lobes (NILs) from nontransgenic (nt) frogs and frogs 
transgenic for p242 FF/AA (FF; line #226) or p242 KK/SS (KK; line #241) 
were pulse labelled with [35S]-methionine/cysteine for 30 minutes. Newly 
synthesised proteins extracted from the NILs were resolved by 15% SDS-PAGE 
and visualised by autoradiography. B, The amount of newly synthesised 37K 
POMC produced during the 30 minutes pulse period (A) in nt (n=4) and the 
p242 FF/AA-transgenic (n=3) and p242 KK/SS-transgenic (n=3) NILs was 
quanti fi ed and is shown relati ve to the nt cells. C, NILs were pulsed for 30 
minutes and subsequently chased for 180 minutes. Newly synthesised proteins 
extracted from the NILs (Cells) or secreted into the incubati on medium (Media) 
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product in both the cell extract and the media was not altered (Figures 3C and 3E).
Glycosylati on and sulphati on of newly synthesised POMC were not aﬀ ected in the 
transgenic Xenopus melanotrope cells 
In nontransgenic melanotrope cells, two forms of the newly synthesised ~18K POMC 
cleavage product are produced that diﬀ er only in their N-glycans and not in their 
protein backbone, namely a major (~70%) 18K POMC product and a minor (~30%) 
18K* POMC product, which migrates at a slightly higher apparent molecular weight 
than 18K POMC (Figure 3C) (Bouw et al., 2004; Strati ng et al., 2007). In the p242 
FF/AA- and the p242 KK/SS-tmcs, the amounts of 18K and 18K* POMC and the 
18K/18K* POMC rati o were not signifi cantly aﬀ ected (Figures 3C and 3F). Like for 
samples from nontransgenic cells, deglycosylati on of newly synthesised proteins 
produced in either the p242 FF/AA- or the p242 KK/SS-tmcs converted both 18K 
and 18K* POMC to an ~15.5K product (data not shown), indicati ng that the diﬀ erence 
between 18K and 18K* POMC from the tmcs is also due to a diﬀ erence in their 
N-glycans. In additi on to N-glycosylati on, POMC is also postt ranslati onally modifi ed 
by sulphati on (Van Kuppeveld et al., 1997). To investi gate the extent of sulphati on 
of newly synthesised 37K POMC, we pulse labelled the NILs with both [3H]-lysine (to 
quanti fy the total amount of newly synthesised 37K POMC) and [35S]-sulphate (to 
quanti fy the level of sulphati on of newly synthesised 37K POMC). We did not observe 
signifi cant alterati ons in POMC-sulphati on levels in the p242 FF/AA- and p242 KK/
SS-tmcs (Figure 4).
were resolved by 15% SDS-PAGE and visualised by autoradiography. D, The amount of newly 
synthesised 37K POMC remaining aft er the chase period (C) in nt (n=6) and the p242 FF/AA-
transgenic (n=6) and p242 KK/SS-transgenic (n=6) cells was quanti fi ed and is shown relati ve to 
the nt cells. E, The amounts of newly synthesised total ~18K POMC processing products (18K 
+ 18K* POMC) aft er the chase period (C) in nt (n=6) and the p242 FF/AA-transgenic (n=6) and 
p242 KK/SS-transgenic (n=6) cells were quanti fi ed and are shown relati ve to nt. Total indicates 
the sum of the ~18K POMC products in the cells and the media. F, The amounts of newly 
synthesised 18K and 18K* POMC processing products aft er the chase period (C) in nt (n=6) 
and the p242 FF/AA-transgenic (n=6) and p242 KK/SS-transgenic (n=6) cells were quanti fi ed 
and are shown relati ve to wt.18K POMC in the cells. Total indicates the sum of the amounts of 
each product in the cells and the media. Indicated are the 18K/18K* rati os and their stati sti cal 
evaluati ons. Data are shown as means +/- SEM. n.s., not signifi cant; *, p<0.05; **, p<0.01.
Figure 4. Sulphati on of newly synthesised POMC in wild-
type and transgenic Xenopus intermediate pituitary cells
Neurointermediate lobes (NILs) from nontransgenic 
(nt) frogs and frogs transgenic for p242 FF/AA (FF; line 
#226) or p242 KK/SS (KK; line #241) were pulse labelled 
with [35S]-sulphate and [3H]-lysine for 15 minutes and the 
amount of each label incorporated into newly-synthesised 
37K POMC was determined. Shown are the amounts of 
newly synthesised sulphated 37K POMC produced in the 
transgenic relati ve to nt NILs. Data are shown as means +/- 
SEM (wt, n=12; transgenics, n=3). n.s., not signifi cant.
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DISCUSSION 
In this study, we investi gated the importance of the COPII- and COPI-binding 
moti fs for the functi oning of p242 in the biosynthesis of POMC. To this end, we 
generated Xenopus melanotrope cells transgenic for wt p242 (Strati ng et al., 2007), 
or for p242 with either the COPII-moti f mutated (p242 FF/AA) or the COPI-binding 
moti f mutated (p242 KK/SS) (this study). Whereas the wt p242 transgene product 
localised to the Golgi (Supplementary Figure S2) (Strati ng et al., 2007), the p242 FF/
AA- and the p242 KK/SS-transgene products were found to be localised to the ER. 
The ER-localisati on of p242 FF/AA is most likely the result of reduced ER-exit of the 
transgene product, since p24 family members require the FF-moti f to exit the ER 
(Dominguez et al., 1998). Interesti ngly, in the p242 FF/AA-tmcs the majority of the 
endogenous p243 and p243 proteins had high-mannose N-glycans, indicati ng that 
also the endogenous melanotrope p24 proteins did not reach the (medial) Golgi. 
These fi ndings are consistent with the observati on by others that expression of FF-
mutated p24 family members in transfected cultured mammalian cells shift ed the 
steady-state localisati ons of other family members as well (Dominguez et al., 1998). In 
view of the recent fi nding that the FF-moti f is also involved in COPI-binding (Béthune 
et al., 2006), it is presently unclear whether the phenotype observed in the p242 FF/
AA-tmcs is due to a disrupti on of only COPII-binding. We found that the p242 KK/
SS-transgene product also localised to the ER, in line with the ER-localisati on of p23/
p241 KK/SS in transiently transfected mammalian cells in culture (Emery et al., 2000; 
Emery et al., 2003). Clearly, mutati ng the COPII- or COPI-binding moti f disturbed 
the typical Golgi localisati on of the wt p242-transgene product. In contrast to the 
eﬃ  cient displacement of the endogenous p24 proteins by the wt p242-transgene 
product (Strati ng et al., 2007), the two C-terminally mutated p242-transgene 
products did not displace the endogenous p24 proteins. This lack of displacement 
may be explained by the altered localisati on of the mutant proteins as compared to 
that of the wild-type p242-transgene product, implying that ER-Golgi cycling of the 
transgene product is apparently necessary to bring about reduced endogenous p24 
protein levels. 
A striking observati on was that mutati ng either the FF- or the KK-moti f of p242 
led to clear increases in the steady-state levels of the immature, pre-Golgi forms 
of the cargo proteins POMC, PC2 and APP, and a reduced proteolyti c cleavage of 
newly synthesised 37K POMC. Apparently, ER-exit and delivery of secretory cargo to 
the later processing compartment was delayed. Moreover, our biosyntheti c studies 
revealed that in the p242 FF/AA- and p242 KK/SS-tmcs the rati os of the 18K and 
18K* POMC processing products were not aﬀ ected and that the Golgi-based process 
of POMC-sulphati on was not aﬀ ected in the p242 KK/SS- and p242 FF/AA-tmcs. In 
contrast, the expression of the wt p242-transgene product did not aﬀ ect the steady-
state levels nor the proteolyti c cleavage rates of secretory cargo proteins, but did 
alter the endogenous p24 protein levels and the rati o of the 18K and 18K* POMC 
processing products, which is indicati ve of changes in N-glycosylati on, and caused an 
~5-fold increase in sulphati on of POMC (Strati ng et al., 2007). 
Altogether, our data show that the p242-transgene product requires intact COPI- 
and COPII-binding moti fs to reduce endogenous p24 levels, and to infl uence the 
Golgi-based processes of POMC-glycosylati on and -sulphati on. Furthermore, the 
removal of either of the two binding moti fs results in diﬀ erenti al eﬀ ects on the 
traﬃ  cking of the endogenous p24 proteins, but in both cases led to a decrease in the 
ER-exit of secretory cargo. The COPI- and COPII-binding moti fs are therefore crucial 
for p242 to properly fulfi l its role in secretory protein biosynthesis. We previously 
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MATERIALS AND METHODS
proposed a specifi c role for each p24 protein in the furnishing of secretory pathway 
subcompartments with the appropriate sets of machinery proteins (Strati ng et al., 
2007). Our present results suggest that p24 proteins supply the machinery proteins 
primarily by means of their transport in COPI- and COPII-coated vesicles.
Animals
South African claw-toed frogs Xenopus 
laevis were bred and reared in the Central 
Animal Facility of the Radboud University 
(Nijmegen, The Netherlands). Animals were 
adapted to a black background for three 
to six weeks. All animal experiments were 
carried out in accordance with the European 
Communiti es Council Directi ve 86/609/EEC 
for animal welfare, permit RBD0166(H10) to 
generate and house transgenic Xenopus and 
permits RU-DEC 2003-53 and 2007-027 from 
the animal experiment committ ee of the 
Radboud University for the use of Xenopus 
laevis frogs.
Anti bodies
The rabbit polyclonal anti bodies against a 
region in the lumenal parts of the Xenopus 
laevis p243 protein and against the 
C-terminal regions of Xenopus laevis p242 
and APP have been described previously 
(Kuiper et al., 2000; Rött er et al., 2002; Collin 
et al., 2005). Rabbit polyclonal anti bodies 
against mammalian p24/p241 (Frieda) 
(Jenne et al., 2002), rat p243/4 (Dominguez 
et al., 1998), GFP, Xenopus laevis POMC 
(ST62, recognising only the precursor form), 
recombinant mature human PC2 and the 
monoclonal anti -tubulin anti body E7 (Chu 
and Klymkowsky, 1989) were obtained from 
Drs F. Wieland (BZH, Heidelberg, Germany), 
T. Nilsson (Göteborgs University, Göteborg, 
Sweden), J. Fransen (NCMLS, Nijmegen, The 
Netherlands), S. Tanaka (Shizuoka University, 
Japan), W.J.M. Van de Ven (University of 
Leuven, Belgium) and B. Wieringa (NCMLS, 
Nijmegen, The Netherlands) respecti vely.
Generati on of transgenic Xenopus laevis 
Constructs pPOMC-p242 FF/AA-GFP and 
pPOMC-p242 KK/SS-GFP (Figure 1B) were 
used to generate Xenopus laevis transgenic 
for p242 FF/AA-GFP and p242 KK/SS-GFP 
respecti vely. Stable Xenopus transgenesis to 
produce F0 animals and in vitro ferti lisati on 
for obtaining F1 transgenic animals were 
performed as described previously (Strati ng 
et al., 2007). Western blot analysis revealed 
that the expression levels of the p242 FF/
AA-transgene product in line #226 (~3.0-fold) 
and of the p242 KK/SS-transgene product in 
line #241 (~10.6-fold) were lower than that of 
the previously described wt p242-transgene 
product in line #224 (Strati ng et al., 2007).
Western blot analysis
Quanti tati ve western blot analysis was 
performed as described previously (Strati ng 
et al., 2009). To remove N-linked glycogroups, 
protein homogenates were boiled in 6 mM 
HEPES / 0.06% SDS pH 7.4 for 10 minutes, 
cooled to room temperature, 1 l 12.5% NP40 
/ 2.5 mM phenylmethylsulphonyl fl uoride 
(PMSF) / 0.25 mg/ml trypsin inhibitor and 1 U 
Pepti dyl N-glycosidase F (Roche) were added, 
and the samples were incubated overnight 
at 37C. For the selecti ve removal of high-
mannose glycogroups, protein homogenates 
were boiled in 85 mM sodium acetate pH 5.5 
/ 0.04% SDS / 0.08% -mercaptoethanol / 1 
mM PMSF for 10 minutes, cooled to room 
temperature, 1 l 5% Triton X-100 and 5 mU 
endoglycosidase H (Roche) were added, and 
the samples were incubated overnight at 
37C. Aft er deglycosylati on, the samples were 
processed for Western blotti  ng and analysed 
as described above.
MALDI-TOF MS
To examine the POMC-derived pepti des, 
matrix-assisted laser-desorpti on-ionisati on 
ti me-of-fl ight mass spectrometry (MALDI-TOF 
MS) was performed as described previously 
(Strati ng et al., 2007).
Pulse and pulse-chase analysis
Metabolic cell labelling experiments were 
performed as described previously (Strati ng 
et al., 2009). 
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Light microscopy
Epifl uorescence microscopy studies on 
immunostained Xenopus brain cryosecti ons 
and confocal microscopy analyses on isolated, 
live transgenic Xenopus melanotrope cells 
were performed as described before (Strati ng 
et al., 2009).
Quanti fi cati on & stati sti cs
Stati sti cal evaluati on was performed using 
unpaired two-tailed t-tests. In those cases 
where the variances were signifi cantly 
diﬀ erent, Welch’s correcti on was used. Values 
were considered signifi cantly diﬀ erent when 
p<0.05. Calculati ons were performed using 
the GraphPad Prism 4 program (GraphPad 
Soft ware).
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Supplementary Figure S1. Generati on of Xenopus laevis with transgene 
expression of p24δ2 FF/AA or p24 δ2 KK/SS specifi cally in the intermediate 
pituitary melanotrope cells
A, Pituitary-specifi c GFP-fl uorescence (arrows) in living tadpoles transgenic for 
p242 FF/AA-GFP (FF; line #226) or p242 KK/SS-GFP (KK; line #241); G, gut; 
E, eye; N, nose. B, Sagitt al cryosecti ons through the brain and pituitary of 
adult frogs transgenic for p242 FF/AA-GFP (FF; line #226) or p242 KK/SS-GFP 
(KK; line #241) show GFP-fl uorescence only in the IL but not in the AL of the 
pituitary. POMC is detected with a primary anti body recognising only the 37K 
prohormone and a Texas red-conjugated secondary anti body. The bars equal 
100 m. A colour version of this fi gure is printed on page 175.
Supplementary Figure S2. Localisati on of the wild-type p24δ2 fusion protein 
in transgenic Xenopus intermediate pituitary melanotrope cells
Confocal laser scanning microscopy analysis of live melanotrope cells transgenic 
for p242 [line #124 (Bouw et al., 2004)] showing a bright GFP-fl uorescence in 
perinuclear Golgi-like structures and a weaker signal throughout the cells. The 
bar equals 5 m.
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ABSTRACT
In black-background-adapted Xenopus laevis, the intermediate pituitary melanotrope 
cells are hyperacti ve, producing large amounts of their major secretory cargo 
proopiomelanocorti n (POMC, representi ng ~80% of all newly synthesised proteins), 
whereas in white-adapted frogs these cells are virtually inacti ve. Here we explored 
in the hyperacti ve and inacti ve melanotrope cells the capacity for postt ranslati onal 
POMC processing events in the secretory pathway. We found that the hyperacti ve cells 
produced mainly non-complex N-glycosylated POMC, whereas in the inacti ve cells 
POMC was mostly complex N-glycosylated. Furthermore, the relati ve level of POMC 
sulphati on was ~5.5-fold lower in the hyperacti ve than in the inacti ve cells. When the 
cargo load in the secretory pathway of the hyperacti ve cells was pharmacologically 
reduced, the relati ve amount of complex glycosylated POMC markedly increased. 
Collecti vely, our data show that the secretory pathway in hyperacti ve neuroendocrine 
secretory cells lacks the capacity to fully comply with the high demands for complex 
glycosylati on and sulphati on of the overload of secretory cargo. Thus, a hyperacti ve 
secretory cell may run short in providing an output of correctly modifi ed biological 
signals.
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INTRODUCTION
A variety of inacti ve vertebrate secretory cells, such as the immunoglobulin-secreti ng 
plasma cells and the insulin-secreti ng pancreati c beta-cells, become highly acti vated 
during their development or maturati on. Inducti on of cells to become professional 
secretors involves massive changes at the level of cellular ultrastructure, gene 
transcripti on and protein biosynthesis [see for example Van Anken et al. (2003); Van 
Anken and Braakman (2005)]. We use a unique neuroendocrine cell model, namely 
the Xenopus laevis intermediate pituitary melanotrope cells, to study the events 
occurring during the acti vati on of neuroendocrine cells to become professional 
secretory cells. The melanotropes are inducible neuroendocrine cells that play a 
central role in the process of background adaptati on of the animal. When the frogs 
are on a white background (white-adapted; WA), the melanotrope cells are virtually 
inacti ve. Placing the animals on a black background (black-adapted; BA) physiologically 
acti vates the melanotrope cells to become hyperacti ve professional secretory cells. 
Hyperacti ve melanotropes are dedicated to produce and proteolyti cally process vast 
amounts of the prohormone proopiomelanocorti n (POMC) and secrete the POMC-
derived products [reviewed in Kuiper and Martens (2000)]. In Xenopus melanotrope 
cells, POMC is synthesised as an N-glycosylated and sulphated 37K prohormone 
(Martens et al., 1982a; Van Kuppeveld et al., 1997) that is subsequently cleaved to 
generate a number of bioacti ve pepti des, among which the melanophore-sti mulati ng 
hormones (MSHs) (Loh and Gainer, 1979). MSHs are released into the blood and 
cause darkening of the skin to allow the animal to adapt to its background. 
In this study, we explored the biosyntheti c machinery in the inacti ve and hyperacti ve 
Xenopus melanotrope cells, in parti cular the implicati ons of secretory cell inducti on 
on the Golgi-based postt ranslati onal processing of secretory cargo proteins. We 
fi nd profound diﬀ erences in POMC N-glycosylati on and sulphati on between the 
hyperacti ve and the inacti ve melanotrope cells. Our experiments indicate that in 
the hyperacti ve melanotropes the Golgi lacks suﬃ  cient glycosylati on and sulphati on 
capacity to properly process the high amounts of POMC produced.
RESULTS
Biosynthesis of 18K and 18K* POMC in the melanotrope cells of black- and white-
adapted Xenopus
Previous biosyntheti c studies have shown that in Xenopus melanotrope cells POMC 
is initi ally synthesised as a 37K prohormone that is subsequently cleaved to an 
N-terminal, glycosylated ~18K POMC protein (Van Strien et al., 1995). In acti vated 
melanotrope cells, two forms of the ~18K product exist, namely a major product 
(~75%) named 18K POMC and a minor product (~25%) termed 18K* POMC that has 
a slightly higher apparent molecular weight (Bouw et al., 2004). The 18K and 18K* 
POMC products have the same protein backbone and diﬀ er only in their N-glycans 
(Strati ng et al., 2007). To investi gate the producti on of the 18K and 18K* POMC 
products in the hyperacti ve melanotrope cells from BA frogs (hereaft er referred 
to as BA melanotrope cells) and the inacti ve melanotrope cells from WA animals 
(WA melanotrope cells), we used metabolic cell labelling to perform biosyntheti c 
pulse-chase analyses. Following a 30 minutes pulse and three hours chase period, 
newly synthesised 18K POMC represented the major ~18K POMC-derived product in 
both the BA melanotrope cells and their medium. In contrast, the WA melanotrope 
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cells produced and secreted almost exclusively the 18K* POMC product (Figure 
1A, C). Apomorphine did not signifi cantly aﬀ ect the biosynthesis and processing of 
POMC, but eﬀ ecti vely inhibited secreti on from the BA and the WA cells (not shown), 
indicati ng that in the BA and the WA cells the POMC-derived products were released 
via the regulated secretory pathway.
Figure 1. Biosynthesis of POMC in hyperacti ve and inacti ve Xenopus 
melanotrope cells
A, Neurointermediate lobes (NILs) from black-adapted (BA) and white-
adapted (WA) animals were pulse labelled with [35S]-methionine/cysteine 
for 30 minutes and subsequently chased for three hours. The WA NILs 
were pulsed and chased in the presence of 10-6 M apomorphine to retain 
their inacti ve characteristi cs. Aliquots of the cell lysates (cells; BA: 5% 
of total lysate, WA: 10%) and the incubati on media (media; BA: 10%, 
WA: 20%) were analysed by 15% SDS-PAGE and autoradiography. B, The 
amount of 37K POMC remaining in the cells following the pulse-chase 
incubati on. C, The total amounts (cells + media) of 18K and 18K* POMC 
produced during the pulse-chase incubati ons. The 18K*/18K rati os are 
given above the bars. Data are shown as means +/- s.e.m.; **, p<0.01; all 
bars represent four animals.
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Dynamics in the biosynthesis of 18K and 18K* POMC in the melanotrope cells of 
black-adapted Xenopus
Next, we wondered about the dynamics of 18K and 18K* POMC biosynthesis in the 
hyperacti ve melanotrope cells. For this purpose, we pulse labelled neurointermediate 
lobes (NILs) from BA animals for ten minutes and chased the lobes for various ti me 
periods. Interesti ngly, following short chase periods 18K* POMC was the most 
prominent product produced in the melanotrope cells, whereas aft er longer chase 
periods 18K POMC became more prominent. 18K* POMC was initi ally also the major 
product released into the medium, but following the longer chase periods 18K POMC 
became the prominent product released (Figure 2). Thus, the initi al appearance of 
mainly 18K* in the hyperacti ve cells and media shows that the producti on of 18K* 
POMC is faster than that of 18K POMC. WA melanotrope cells essenti ally produce 
only 18K* POMC and thus no dynamics in 18K/18K* POMC biosynthesis was observed 
in these cells.
Glycosylati on of 18K and 18K* POMC in the melanotrope cells of black- and white-
adapted Xenopus
We then deglycosylated the newly synthesised proteins produced in the BA and 
the WA melanotrope cells with Pepti dyl N-glycosidase F (PNGaseF), an enzyme that 
removes all N-linked glycogroups irrespecti ve of their compositi on. We found that 
in each sample the 18K and 18K* POMC products were shift ed to a single ~15.5K 
product (Figure 3A). Thus, the 18K and 18K* POMC products from the BA as well as 
from the WA cells diﬀ er only in their N-linked glycogroups.
Figure 2. Dynamics of 18K and 18K* POMC biosynthesis 
in hyperacti ve Xenopus melanotrope cells 
Neurointermediate lobes from black-adapted Xenopus 
laevis were pulse labelled with [35S]-methionine/
cysteine for ten minutes and chased for the indicated 
ti me periods. Aliquots of the cell lysates (10%) and the 
incubati on media (20%) were analysed by 15% SDS-PAGE 
and autoradiography.
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To examine the diﬀ erence in the glycogroups in more detail, we deglycosylated 
the newly synthesised proteins with Endoglycosidase H (EndoH), an enzyme that 
selecti vely removes high-mannose N-glycans. We observed that in BA NILs 37K 
POMC was EndoH-sensiti ve (Figure 3A), suggesti ng that it had not yet undergone 
complex glycosylati on. Since the proteolyti c cleavage of 37K POMC starts already in 
the trans-Golgi network (TGN) and conti nues in the TGN-derived immature secretory 
granules (Berghs et al., 1997), 37K POMC is proteolyti cally processed soon aft er it 
has encountered the Golgi-enzymes that process the N-glycans to EndoH-resistant 
conformati ons. Therefore, the majority of the EndoH-sensiti ve 37K POMC molecules 
may have resided in a pre-Golgi compartment and may not yet have encountered the 
enzymes that confer EndoH-resistance. To prevent the proteolyti c processing of 37K 
POMC and thus cause the prohormone to accumulate in a post-Golgi compartment, 
we performed pulse-chase experiments with BA NILs in the presence of bafi lomycin, 
a drug that inhibits acidifi cati on of the TGN/secretory granules. Surprisingly, in the 
presence of bafi lomycin the amount of EndoH-resistant 37K POMC increased only 
Figure 3. Glycosylati on and sulphati on of POMC in hyperacti ve and inacti ve Xenopus 
melanotrope cells
A, Neurointermediate lobes (NILs) from black-adapted (BA) and white-adapted (WA) animals 
were pulse labelled with [35S]-methionine/cysteine for 60 minutes and chased for two hours. 
The WA NILs were pulsed and chased in the presence of 10-6 M apomorphine to retain their 
inacti ve characteristi cs. NIL proteins were control treated (C) or deglycosylated with Pepti dyl 
N-glycosidase F (PNGaseF; F) or Endoglycosidase H (EndoH; H), and subsequently analysed 
by SDS-PAGE and autoradiography. B, Newly synthesised proteins in NILs from BA (n=12) and 
WA (n=4) animals were double-labelled with [3H]-lysine and [35S]-sulphate for 15 minutes. The 
WA NIL proteins were labelled in the presence of 10-6 M apomorphine. NIL proteins (40% 
of the cell lysate) were separated by 12.5% SDS-PAGE and the relati ve amount of each label 
incorporated in newly synthesised 37K POMC was determined. C, NIL proteins from BA and 
WA animals were labelled as in B, control treated (C) or deglycosylated with PNGaseF (F) or 
EndoH (H), and analysed by 12.5% SDS-PAGE and autoradiography. Data are shown as means 
+/- s.e.m.; **, p<0.01.
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marginally (not shown). In line with this observati on, the vast majority of the 18K 
POMC processing product that was produced in the absence of bafi lomycin was 
EndoH-sensiti ve as well (Figure 3A). These fi ndings suggest that BA melanotropes are 
unable to convert the N-glycans on POMC to complex glycogroups. Remarkably, in WA 
melanotropes a signifi cant porti on of the 37K and 18K* POMC molecules was EndoH-
resistant (Figure 3A) showing that, while the prohormone passes through the Golgi, 
the WA cells possess the capability to convert a substanti al porti on of the N-glycans 
of POMC to a complex form. Interesti ngly, a part of the 18K* POMC molecules in WA 
cells was sti ll EndoH-sensiti ve. Hence, 18K* POMC does apparently not represent 
a single product but rather consti tutes 18K POMC products with slightly diﬀ erent 
N-glycans. Possibly, these diﬀ erenti ally glycosylated 18K* POMC products represent 
intermediates of high-mannose to complex glycosylated 18K POMC products.
Sulphati on of 37K POMC in the melanotrope cells of black- and white-adapted 
Xenopus
In additi on to N-glycosylati on, POMC is also postt ranslati onally modifi ed by 
sulphati on. We therefore wondered whether POMC produced in BA and WA 
melanotropes diﬀ ers not only in its glycosylati on but also in its sulphati on state. To 
determine the relati ve amount of POMC-sulphati on, we pulse labelled the cells for 
15 minutes simultaneously with [3H]-lysine and [35S]-sulphate, and determined the 
amount of each label incorporated into newly synthesised 37K POMC. We observed 
that the relati ve amount of sulphated 37K POMC was ~5.5-fold higher in WA than in 
BA cells (Figure 3B). Sulphate-modifi cati ons can be att ached directly to the protein 
backbone through a tyrosine residue or indirectly through N-glycans. Deglycosylati on 
of [35S]-sulphate labelled 37K POMC with PNGaseF did not reduce its level (Figure 
3C), indicati ng that Xenopus POMC is not glyco- but rather tyrosine-sulphated. The 
Sulfi nator predicti on program (Monigatti   et al., 2002) indeed predicts a sulphati on 
site on tyrosine residue 188 (SLELDY188PEIDLDEDIED) in the C-terminal half of Xenopus 
37K POMC. Deglycosylati on with EndoH revealed that essenti ally all sulphated POMC 
from BA cells was EndoH-sensiti ve, whereas ~50% of the sulphated POMC from WA 
cells was EndoH-resistant (Figure 3C). The rati o of EndoH-sensiti ve to -resistant [35S]-
sulphate-labelled 37K POMC from WA cells is similar to that of [35S]-methionine/
cysteine-labelled 37K POMC from WA cells (compare Figure 3A, C), suggesti ng that 
the sulphati on machinery does not discriminate between complex and non-complex 
glycosylated 37K POMC.
Biosynthesis of 18K and 18K* POMC in cycloheximide-treated melanotrope cells of 
black-adapted Xenopus
The results described above showed that in the Golgi of BA melanotrope cells only a 
small porti on of 37K POMC was fully complex glycosylated and sulphated, whereas in 
the Golgi of WA cells the majority of the POMC molecules was complex glycosylated 
and sulphated. We hypothesised that the Golgi of the hyperacti ve BA melanotrope 
cells cannot fully complex glycosylate and sulphate the tremendous amounts of 
secretory cargo. To test our hypothesis, we pulse labelled and chased BA NILs for 
three hours in the presence of various concentrati ons of the protein synthesis-
inhibiti ng drug cycloheximide. In the absence of cycloheximide, POMC biosynthesis 
and processing proceeded normally (Figure 4A). With increasing concentrati ons 
of the inhibitor, protein biosynthesis in the melanotrope cells decreased unti l a 
nearly complete inhibiti on was reached at 100 g/ml cycloheximide. Interesti ngly, 
at low cycloheximide concentrati ons (up to 10 ng/ml) 18K POMC consti tuted the 
predominant processing product, whereas at 100 ng/ml 18K* POMC became the 
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more prevalent form and at 1 g/ml and higher cycloheximide concentrati ons 18K* 
POMC was even the only form produced (Figure 4A). Next, we deglycosylated the 
newly synthesised proteins and found that the 18K* POMC produced in the presence 
of cycloheximide was indeed EndoH-resistant and thus complex glycosylated. In 
additi on, cycloheximide treatment led to a clear increase in EndoH-resistant 37K 
POMC (Figure 4B). These fi ndings support our hypothesis that the Golgi of the 
hyperacti ve melanotrope cells is not able to fully complex glycosylate and sulphate 
the vast amount of secretory cargo it encounters.
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DISCUSSION
In this study, we set out to examine whether hyperacti ve neuroendocrine secretory 
cells are able to tune their secretory pathway such that they can comply with the 
extremely high demands for proper postt ranslati onal modifi cati ons of the vast 
amounts of secretory cargo. We chose as a model system the Xenopus intermediate 
pituitary melanotrope cells because their biosyntheti c acti vity can be physiologically 
manipulated by placing the animal on a white or a black background. In WA 
animals the melanotrope cells are virtually inacti ve, whereas BA melanotropes 
are hyperacti vated to produce and process high amounts of their main secretory 
cargo POMC. We show that BA melanotrope cells produce 18K POMC as the major 
N-terminally POMC-derived product and 18K* POMC as a minor product. In contrast, 
WA melanotropes produce almost exclusively 18K* POMC. Interesti ngly, in BA 
melanotrope cells the biosynthesis of 18K* POMC was faster than that of 18K POMC. 
In additi on, 18K* POMC was released into the incubati on medium faster than 18K 
POMC, presumably caused by the faster biosynthesis of 18K* POMC. Clearly, the 
secretory pathways in the WA and BA melanotrope cells diﬀ erently fulfi l the needs 
for prohormone processing.
The only N-linked glycogroup on Xenopus POMC is att ached to the N-terminal part of 
the molecule and is present on the 18K POMC processing products. The 18K POMC 
product was EndoH-sensiti ve and thus non-complex glycosylated. Most of the 18K* 
POMC from BA cells was EndoH-sensiti ve as well. Remarkably, a signifi cant porti on of 
18K* POMC from WA cells was EndoH-resistant and thus complex glycosylated. 
The reduced degree of N-glycan processing and sulphati on of POMC in BA 
melanotropes led us to hypothesise that in hyperacti ve melanotropes the Golgi is 
not equipped with suﬃ  cient machinery to fully complex glycosylate and sulphate 
cargo molecules. If true, a reducti on in the amount of cargo passing through the 
Golgi should increase the fracti on of complex glycosylated and sulphated POMC. 
To test this hypothesis, we chose to reduce POMC biosynthesis by cycloheximide, 
an inhibitor of protein biosynthesis. In the presence of increasing concentrati ons of 
cycloheximide, protein biosynthesis was indeed reduced, whereas the relati ve amount 
of complex glycosylated POMC had clearly increased. Thus, the Golgi of hyperacti ve 
melanotrope cells is able to complex glycosylate and sulphate POMC molecules, but 
is not equipped with suﬃ  cient machinery to postt ranslati onally modify the majority 
of the vast amount of POMC. 
In summary, we show that in neuroendocrine Xenopus melanotrope cells that have 
been physiologically induced to hyperacti ve secretory cells the Golgi is not suﬃ  ciently 
equipped to allow full postt ranslati onal processing of the vast amount of secretory 
cargo produced. Such shortcomings in protein processing events may also occur in 
other hyperacti ve secretory cell systems, including in neuroendocrine tumour cells 
and immunoglobulin-secreti ng plasma cells, suggesti ng that our fi ndings may well 
have broader implicati ons.
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Animals
Animals were bred and reared in the Central 
Animal Facility of the Radboud University 
(Nijmegen, The Netherlands). Animals were 
background adapted for at least three weeks. 
All animal experiments were carried out in 
accordance with the European Communiti es 
Council Directi ve 86/609/EEC for animal 
welfare and permits RU-DEC 2003-53 and 
2007-027 from the animal experiment 
committ ee of the Radboud University for the 
use of Xenopus laevis.
Pulse and pulse-chase analysis
Metabolic cell labelling experiments with 
[35S]-methionine/cysteine or with [3H]-lysine 
and [35S]-sulphate and quanti fi cati on of the 
newly synthesised products were performed 
as described previously (Strati ng et al., 
2007; Strati ng et al., 2009). The Xenopus 
pituitary consists of three parts; the anterior 
lobe, the intermediate lobe containing the 
melanotrope cells, and the neuronal lobe 
consisti ng of nerve endings originati ng from 
the hypothalamus. The anterior lobe can 
easily be dissected from the pituitary, but the 
intermediate and neuronal lobes (together 
the NIL) are inti mately associated. Since the 
neuronal lobe is biosyntheti cally inacti ve, 
we used the NIL for our biosyntheti c studies. 
Dissecti on of the NIL from WA animals 
disrupts the inhibitory acti on of hypothalamic 
neurons. One of the major factors of 
hypothalamic origin inhibiti ng pepti de release 
from the melanotrope cells is dopamine 
(Verburg-Van Kemenade et al., 1986). In 
order to retain during the in vitro incubati ons 
of the NILs from WA frogs an inhibitory acti on 
on pepti de secreti on, we therefore added the 
dopamine receptor agonist apomorphine to 
the incubati on medium. The removal of all 
N-linked glycogroups irrespecti ve of their 
compositi on by Pepti dyl N-glycosidase F 
was performed as described (Strati ng et al., 
2007). For the selecti ve removal of high-
mannose glycogroups, protein homogenates 
were boiled in 85 mM sodium acetate pH 5.5 
/ 0.04% SDS / 0.08% -mercaptoethanol / 1 
mM phenylmethylsulphonyl fl uoride (PMSF) 
for 10 minutes, cooled to room temperature, 1 
l 5% Triton X-100 and 5 mU Endoglycosidase 
H (EndoH; Roche) were added, and the 
samples were incubated overnight at 37C. 
Stati sti cs
Stati sti cal evaluati on was performed using 
unpaired two-tailed t-tests. In those cases 
where the variances were signifi cantly 
diﬀ erent, Welch’s correcti on was used. 
Diﬀ erences in mean values were considered of 
stati sti cal signifi cance if p<0.05. Calculati ons 
were performed using the GraphPad Prism 4 
program (GraphPad Soft ware).
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All cells are equipped with a secretory pathway, a collecti on of membrane-bounded 
organelles that play a central role in the biosynthesis and secreti on of bioacti ve 
proteins desti ned for the plasma membrane or the extracellular space. Especially in 
cells with a large secretory acti vity, huge amounts of cargo need to be transported in 
an anterograde directi on from the endoplasmic reti culum (ER) to the Golgi apparatus, 
and beyond. Meanwhile, escaped ER-resident machinery needs to be retrieved and 
Golgi-residents need to be targeted to their appropriate locati on within the Golgi 
stack. Together, this leads to a large unidirecti onal fl ow of secretory cargo through the 
early secretory pathway in parallel with an extensive cycling of machinery material. 
One of the central issues in modern cell biology is how the selecti ve transport of 
molecules in the early secretory pathway takes place.
The p24 family
A family of ~24kDa type-I transmembrane proteins, collecti vely termed p24 proteins, 
has been proposed to play a key role in the selecti ve transport processes at the ER-
Golgi interface. The p24 family can be subdivided into four subfamilies termed p24, 
p24, p24 and p24 (Dominguez et al., 1998). In chapter two, the occurrence and 
the phylogeneti c relati onships of the various p24 family members in four vertebrate 
species were analysed. We showed that the p24 and p24 subfamilies have a 
common origin, as is the case for the p24 and p24 subfamilies. In most vertebrates, 
the p24 family consists of ten members whereby the p24 and p24 subfamilies have 
expanded, whereas the p24 and p24 subfamilies each have only a single member. 
Thus, from each pair of the evoluti onarily related subfamilies (p24/ and p24/) 
only one subfamily has expanded. Whether this interesti ng observati on has any 
physiological consequence is at present unclear. Possibly, there is a certain degree 
of functi onal redundancy within the two branches, which eliminates the need to 
expand both subfamilies. The fact that plants have only members of one subfamily in 
each branch (p24 and p24) may support this hypothesis. 
The p24 proteins within a subfamily are highly conserved. Between subfamilies, 
however, the degree of amino acid sequence conservati on is very poor. Nevertheless, 
all p24 proteins share a similar domain architecture. We furthermore showed that 
in mouse eight out of the ten p24s were ubiquitously expressed, whereas p241 
(pancreas) and p245 (lung, liver, kidney, small intesti ne, colon and spleen) had more 
restricted expression patt erns. Vetrivel et al. (2008) have recently shown that also 
within a parti cular organ, namely the brain, p23/p241 is widely expressed and 
present in (virtually) all cells. The extensive co-occurrence of many p24 proteins from 
the same and from diﬀ erent subfamilies suggests that each p24 protein has a specifi c 
functi on and that even highly related p24 proteins of the same subfamily have limited, 
if any, functi onal redundancy. This noti on is dealt with below when discussing the 
results of chapters three, four and fi ve. The specifi c expression patt erns of p241 
and p245 suggest that these two p24 proteins have a functi on in the biosynthesis 
of a limited subset of secretory cargo molecules (e.g. p241 may play a role in the 
biosynthesis of endocrine hormones or exocrine enzymes).
In the past, p24 proteins have been proposed to act as receptors for specifi c secretory 
cargoes at the lumenal side of the membrane (Stamnes et al., 1995) and to interact 
with the COPI and COPII vesicle coat complexes at the cytoplasmic side (Fiedler 
et al., 1996; Sohn et al., 1996; Dominguez et al., 1998; Harter and Wieland, 1998; 
Bremser et al., 1999; Reinhard et al., 1999; Belden and Barlowe, 2001b; Gommel et 
al., 2001; Majoul et al., 2001; Reinhard et al., 2003; Contreras et al., 2004; Béthune 
et al., 2006; Aguilera-Romero et al., 2008). These fi ndings led to the noti on that 
p24 proteins might be able to link cargo selecti on with coat formati on, although it 
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remains to be proven that cargo selecti on and coat recruitment are coupled. Other 
functi ons proposed for p24 proteins are in membrane organisati on (Blum et al., 
1999; Gommel et al., 1999; Lavoie et al., 1999; Denzel et al., 2000; Rojo et al., 2000; 
Emery et al., 2003; Mitrovic et al., 2008) and the fi delity of cargo transport (Wen 
and Greenwald, 1999). One of the most puzzling issues is, however, the fact that 
in yeast p24 proteins seem to be dispensable since a strain lacking all eight p24s is 
viable and has only a minor defect in cargo transport (Springer et al., 2000), whereas 
in mice a homozygous knock-out of a single family member (p23/p241) is lethal in 
an early embryonic stage (Denzel et al., 2000). In yeast, the deleti on of p24 proteins 
acti vates the unfolded protein response (UPR), which enables the p24-lacking cells 
to counteract the transport defects (Belden and Barlowe, 2001a; Aguilera-Romero et 
al., 2008). Moreover, yeast has a relati vely simple secretory pathway (e.g. unstacked 
Golgi and limited N-glycan processing). Disrupti on of the p24 system in yeast may 
therefore yield relati vely mild phenotypes, whereas in animal cells the more complex 
secretory pathway may be more sensiti ve to p24 disrupti ons and is more likely to be 
aﬀ ected to a degree that cannot be compensated by the UPR. Moreover, the quality 
of the secretory output is likely much more criti cal in multi -cellular organisms, such as 
mouse, than in unicellular organisms, such as yeast, that are grown under laboratory 
conditi ons in rich medium.
From the above it is clear that unti l now the exact functi on of p24 proteins has 
remained elusive. Clearly, a novel approach to study the role of the p24 proteins 
would be welcome. In the work described in this thesis, a physiologically relevant 
model system has been used to functi onally study the p24s, namely the Xenopus 
laevis intermediate pituitary melanotrope cells.
The Xenopus laevis melanotrope cells as a model system
The melanotrope cells in the intermediate lobe of the pituitary of the amphibian 
Xenopus laevis are professional secretory cells with a central role in the physiological 
process of background adaptati on. When the frogs are kept on a white background, 
the melanotrope cells are biosyntheti cally virtually inacti ve. Upon black background 
adaptati on of the animals, the melanotrope cells are physiologically acti vated to 
become hyperacti ve secretory cells that produce large amounts of their primary 
secretory cargo molecule proopiomelanocorti n (POMC). POMC is processed to 
a number of secreted bioacti ve pepti des including -melanophore sti mulati ng 
hormone (-MSH), which sti mulates pigmentati on of the skin. Upon black background 
adaptati on, a subset of p24 proteins (p243, p241, p243 and p242) is upregulated 
together with POMC. Two other p24 proteins (p242 and p241) are expressed in the 
melanotrope cells but not co-ordinately with POMC. It was hypothesised that the 
p24 proteins co-expressed with POMC have a role in POMC biosynthesis (Rött er et 
al., 2002). To study the role of the above-menti oned six p24s in POMC biosynthesis, 
we made use of a stable Xenopus transgenesis technique (Kroll and Amaya, 1996; 
Sparrow et al., 2000). Transgene expression was driven by a melanotrope cell-specifi c 
POMC promoter fragment that can be physiologically induced by placing the animals 
on a black background (Jansen et al., 2002).
By making use of the melanotrope cells with POMC promoter-driven transgene 
expression, we could study the p24 proteins in their physiological background 
in a professional secretory cell and induce transgene expression specifi cally in 
the melanotrope cells in a non-invasive and physiological manner. The fact that 
the melanotrope cells produce such large amounts of POMC (~80% of all newly 
synthesised protein is POMC) allowed us to study POMC biosynthesis without the 
need to purify POMC from the cell lysates and media. This did not only facilitate and 
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speed up sample processing, but also minimised the risk of losing products during 
the purifi cati on steps. Moreover, the pituitary can be easily dissected from the frogs 
and the processing of POMC in the melanotrope cells has been extensively studied 
in the past [e.g. Martens et al. (1981); Martens et al. (1982a); Martens et al. (1982b); 
Martens et al. (1987); Ayoubi et al. (1992); Van Strien et al. (1995); Van Strien et 
al. (1996); Berghs et al. (1997); Van Kuppeveld et al. (1997); Van Horssen et al. 
(1998)]. However, the use of transgenic Xenopus laevis melanotrope cells also posed 
challenges. Generati ng stable transgenic lines is ti me consuming; for each transgene 
construct, it takes one to two years to generate F1 lines for use in the functi onal 
studies. Another drawback is that many (commercially) available anti bodies do not 
recognise the Xenopus orthologues or produce high background signals. In additi on, 
since the intermediate pituitary is very small [it contains only 6-7*104 melanotrope 
cells (De Rijk et al., 1990)], biochemical studies that require a lot of material (e.g. 
subcellular fracti onati on assays and enzyme acti vity assays) are very demanding.
Generati on of Xenopus laevis melanotrope cells with p24 transgene expression
In chapters three and four, we generated Xenopus with melanotrope-specifi c 
transgene expression of p243, -1, -3 and -2 (the four p24s co-ordinately expressed 
with POMC) and investi gated the role of these p24 proteins in POMC biosynthesis. 
This allowed us to functi onally compare representati ves of all four p24 subfamilies. 
The role of the two nonregulated p24s (p242 and p241) in POMC biosynthesis was 
studied in chapter fi ve. These data allowed us to evaluate the roles of the regulated 
versus the nonregulated p24s. Moreover, since we analysed two members of the 
p24 and p24 subfamilies, we can now compare the functi ons of members of the 
same subfamily. Our fi ndings are discussed below and summarised in Table 1.
Table 1. The phenotypes of the p24-transgenic Xenopus melanotrope cells
The phenotypes of the various p24-transgenic melanotrope cells, described in chapters 
three to six, are compared to that of wild-type (nontransgenic) Xenopus melanotropes. ER, 
endoplasmic reti culum; EDS, electron-dense structures; f-Golgi, fragmented Golgi; none, no 
displacement; n, normal; ↓(↓↓), (strongly) reduced; ↑, increased
p24α3 p24β1 p24γ2 p24γ3 p24δ1 p24δ2 p24δ2 KK/SS
p24δ2 
FF/AA
Localisati on of the 
transgene product
ER Golgi ER Golgi
ER & 
Golgi
ER & 
Golgi
ER ER
Displacement of 
endogenous p24s
all none none
only 
p243 none all none none
POMC transport / 
processing rate
↓↓↓ ↓ n ↓ n n ↓ ↓
POMC glycosylati on 
(18K*/18K POMC rati o)
n n n ↑ n ↑ n n
POMC sulphati on n n ↑ n n ↑ n n
Ultrastructure
EDS
f-Golgi
n n n n n n n
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The transgenesis procedure yielded for each of the transgene p24 protein products 
several lines of stable transgenic Xenopus that exhibited diﬀ erenti al expression levels. 
Importantly, the various lines expressing the same transgene product at varying levels 
displayed similar phenotypes diﬀ ering only in severity (Bouw et al., 2004; data not 
shown). Hence, the observed phenotypes are not a result of any disrupti ons caused 
by the transgenesis procedure per se, but rather represented specifi c eﬀ ects of the 
expression of the p24 transgene. Since the phenotypes induced by the transgene 
products were most apparent in the lines with the highest expression levels, we 
focussed our analyses on these lines. In the following, any reference to a parti cular 
transgene product or transgenic melanotrope cell (tmc; plural tmcs) refers to the 
line with the highest expression level of the transgene product (see Figure 1 for a 
depicti on of the relati ve transgene expression levels in the various lines). Interesti ngly, 
the transgene expression levels varied markedly over an ~12-fold range (#240 versus 
#224). For an as yet unclear reason, it appeared that for each transgene construct 
a certain maximum level of transgene expression could be reached. Variati ons in 
transgene expression levels may occur because of the number of copies of the 
transgene construct that had integrated into the genome, the genomic locati on of 
the integrati on (transcripti onally acti ve euchromati c or inacti ve heterochromati c 
regions) or integrati on of the transgene products as concatemers (long concatemers 
tend to be silenced). We tried to circumvent these pitf alls by performing for each 
transgene product multi ple rounds of transgenesis and varying the amounts of 
transgene DNA construct to be injected. An alternati ve explanati on for the greatly 
diﬀ ering transgene expression levels is that some of the transgene products induced 
such severe phenotypes that 
only transgenics with low levels 
of transgene expression could 
be generated. Nevertheless, the 
transgene expression levels of 
the p241- and the p242 KK/SS-
transgene products were lower 
than that of the p243-transgene 
product, whereas the phenotypes 
of the former were less severe 
than that of the latt er. As a third 
explanati on, the various mRNAs 
encoding the transgene products 
or the transgene protein products 
may have diﬀ erent stabiliti es. In 
the latt er case one may expect to 
observe degradati on products by 
Western blotti  ng with an anti -GFP 
anti body. However, we observed 
degradati on products, i.e. bands 
smaller than the p24-GFP fusion 
protein, only in the p242-tmcs 
(not shown).
The p24 system in the p24-transgenic Xenopus laevis melanotrope cells 
When we analysed the subcellular localisati ons of the transgene products, we 
observed staining in structures resembling the ER (p243 and p242), the Golgi (p241 
and p243) or the ER and the Golgi (p241 and p242). This subcellular distributi on 
Figure 1. Relati ve expression levels of the p24-
transgene products studied in this thesis
For each p24 transgene product, the relati ve 
transgene expression level is shown for the line 
with the highest level of transgene expression 
as assayed by Western blotti  ng with an anti -
GFP anti body (see chapters three to six).
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is in good agreement with the reported localisati ons of p24 proteins in the ER-
Golgi compartments of animal, yeast and plant cells (Wada et al., 1991; Belden and 
Barlowe, 1996; Rojo et al., 1997; Dominguez et al., 1998; Blum et al., 1999; Füllekrug 
et al., 1999; Emery et al., 2000; Bell et al., 2001; Jenne et al., 2002; Boltz et al., 
2007). Interesti ngly, the subcellular localisati ons of the subfamily members p242 
and p243 diﬀ ered, whereas p241 and p242 were distributed similarly. The most 
likely explanati on for this discrepancy is their degrees of conservati on, especially in 
their cytoplasmic tails, which contain the major moti fs for localisati on in the ER-Golgi 
compartment (i.e. the COPI and COPII binding moti fs), but also in the transmembrane 
and lumenal domains, which appear to contain additi onal targeti ng signals (Fiedler 
and Rothman, 1997; Blum and Lepier, 2008). Xenopus laevis p242 and p243 belong 
to diﬀ erent branches within the p24 subfamily and share only a limited degree 
of sequence homology (29% identi ty, 43% similarity) and in parti cular the tails are 
highly divergent (see also chapter two). In contrast, Xenopus laevis p241 and p242 
are highly homologous (70% identi ty, 82% similarity) and their tails diﬀ er in only 
two residues. Thus, the two p24 proteins may well have diﬀ erent targeti ng signals, 
whereas they are probably highly similar or even identi cal in the p24 proteins. Our 
analyses did not reveal any of the p24 transgene products in post-Golgi membranes 
A subpopulati on of tmp21/p23/p241 has been reported to localise to post-Golgi 
membranes in mammalian cells (Chen et al., 2006; Hosaka et al., 2007; Blum and 
Lepier, 2008). However, such a small subpopulati on is probably hard to detect when 
the bulk of p24 is located to the ER-Golgi compartment.
Interesti ngly, we observed marked diﬀ erences with respect to the displacement of 
the endogenous p24 proteins. The p243 and p242 transgene products eﬃ  ciently 
reduced the levels of all endogenous p24 proteins, whereas p243 displaced only 
its endogenous counterpart and the remaining three (p241, p242 and p241) did 
not aﬀ ect the endogenous p24 protein levels. These diﬀ erences in displacement 
eﬃ  ciency were not merely related to the transgene expression levels per se. First, 
despite its ~6-fold lower expression level the p243-transgene product displaced the 
endogenous p24 proteins with a similar eﬃ  ciency as the p242-transgene product. 
Second, in spite of their expression levels being in between those of the p243- and 
p242-transgene products, p242 and p241 did not displace the endogenous p24 
proteins, whereas p243 reduced only its endogenous counterpart. It is striking to 
note that within the group of the upregulated p24s (p243, -1, -3 and -2) only 
p243 and p242, which have a common evoluti onary origin, eﬃ  ciently displaced 
the endogenous p24s. Possibly, the p24 and p24 proteins share a common feature 
that allows them to eﬃ  ciently displace other p24 proteins, although only p242 and 
not p241 displayed a high displacement eﬃ  ciency. It is at present unclear whether 
the latt er is related to the fact that p242 is co-ordinately expressed with POMC, 
whereas p241 is not.
The p24 protein levels are interdependent, i.e. when the protein levels of a single 
family member are reduced in cultured mammalian cells (by RNAi), in mouse (by 
gene knock-out) or in yeast (by gene knock-out), the levels of the other endogenous 
p24s are reduced as well (Belden and Barlowe, 1996; Marzioch et al., 1999; Denzel 
et al., 2000; Vetrivel et al., 2007; Takida et al., 2008). In yeast lacking the EMP24 
(p24) gene, the observed reducti on of endogenous Erv25p (p24) was caused by its 
reduced stability (Belden and Barlowe, 1996). The eﬀ ect of exogenously expressed 
p24 on the levels of the endogenous family members has however hardly been 
examined. One study reports that tmp21/p241 overexpression in mammalian cells 
in culture did not aﬀ ect the levels of endogenous p23/p241 and p24A/p241 (Chen 
et al., 2006). These fi ndings are consistent with our fi ndings in the p241-tmcs. It 
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would be interesti ng to know if overexpression of other members of the p24 family 
in mammalian cells leads to the displacement of the endogenous p24s.
POMC biosynthesis in Xenopus melanotrope cells
To test the functi oning of the secretory pathway in the various tmcs, we analysed 
the steady-state levels of the soluble secretory cargoes POMC and its processing 
enzyme prohormone convertase PC2, and the transmembrane cargo amyloid- 
precursor protein (APP). In additi on, we analysed the dynamics of POMC proteolyti c 
processing, glycosylati on and sulphati on by pulse-chase metabolic cell labelling. 
Interesti ngly, we observed for each p24-transgene product a specifi c eﬀ ect on POMC 
biosynthesis. In the cases that a p24 did not displace the endogenous p24 proteins, 
the eﬀ ects on POMC biosynthesis may be directly att ributed to the respecti ve p24-
transgene product. However, when the endogenous p24s are displaced (in the 
p243- and p242-tmcs) it is not clear whether any eﬀ ect on POMC biosynthesis 
is due to the presence of the p243- or p242-transgene product, to the absence 
of the endogenous p24 proteins or to a combinati on of both. In the p243-tmcs, 
POMC transport and processing was severely reduced and led to an accumulati on 
of POMC in ER-localised electron-dense structures (EDS). Nevertheless, the small 
quanti ty of newly synthesised POMC that was produced within the ti me frame of 
our biosyntheti c experiments appeared to be correctly processed. In additi on, mass 
spectrometry analysis showed that the p243-tmcs are able to produce the correct 
POMC-derived bioacti ve pepti des and the p243-transgenic animals had a normal 
black-background adaptati on (data not shown), indicati ng that suﬃ  cient bioacti ve 
POMC-derived pepti des are produced and secreted. In the p243-tmcs, the secretory 
pathway (in parti cular the ER) may resemble a water reservoir in front of a dam; 
the input and output fl ows of the reservoir are equal to those of a river without 
a dam, but for the water molecules it takes longer to reach the exit. Thus, in the 
p243-tmcs the input (biosynthesis) and output (secreti on) were rather normal, but 
the ti me newly synthesised POMC stayed in the ER (the reservoir) was dramati cally 
increased. As a result, within the ti me frame of our experiments we observed 
virtually no processing of newly synthesised POMC and secreti on of POMC-derived 
pepti des. Indeed, during a long incubati on ti me (6-16 hrs) p243-tmcs secreted the 
normal set of newly-synthesised proteins, including POMC products, although the 
amounts were lower than those released by wild-type melanotropes (not shown). 
The questi on then arises why POMC accumulated in the ER of the p243-tmcs. It 
is unlikely that the att achment of glycogroups to POMC occurred at a reduced rate, 
since we did not observe non-glycosylated POMC aft er a 30 min pulse labelling (not 
shown). Instead, the folding of POMC may have occurred at a slower rate. We indeed 
noted an increase in the biosynthesis of the ER-chaperone BiP, which may point to an 
acti vati on of the unfolded protein response (UPR), although the UPR may also have 
been acti vated in response to the increased POMC levels in the ER, irrespecti ve of 
whether it is properly folded or not. Interesti ngly, in yeast lacking p24 proteins the 
UPR was upregulated and partly alleviated the defects that resulted from the absence 
of the p24s (Belden and Barlowe, 2001a; Aguilera-Romero et al., 2008; Boltz and 
Carney, 2008).  One wonders whether inhibiti ng the UPR would increase the severity 
of the phenotype of the p243-tmcs. An att racti ve alternati ve explanati on for the 
p243-tmc phenotype concerns the possibility that the transgene product disturbed 
the recruitment of the machinery that is involved in ER exit and the formati on of 
secretory cargo carriers, leading to a longer residence ti me and thus an accumulati on 
of POMC in the ER.
In contrast to the p243-tmcs, the POMC transport and processing rates were not 
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greatly aﬀ ected in the p242-tmcs. However, in the p242-tmcs we observed an 
increase of the 18K* POMC processing product and a concomitant decrease in 18K 
POMC as a result of an alterati on in the process of POMC N-glycosylati on. Additi onally, 
we observed a clear increase in POMC-sulphati on, another postt ranslati onal 
modifi cati ons that occurs in the Golgi. Obviously, the Golgi-based processes of 
N-glycan processing and sulphati on were aﬀ ected in the p242-tmcs, but not the rate 
of POMC transport and processing (normal amounts of total ~18K products were 
produced).
In chapter seven, POMC glycosylati on and sulphati on were further investi gated in 
highly acti ve and inacti ve wild-type (nontransgenic) melanotropes. We found that 
the hyperacti ve cells in black-adapted frogs (referred to as BA cells) produced almost 
exclusively non-complex glycosylated, endoglycosidase H (EndoH)-sensiti ve 37K 
POMC, which is proteolyti cally processed to 18K POMC. In contrast, the virtually 
inacti ve cells in white-adapted animals (WA cells) produced mainly complex 
glycosylated, EndoH-resistant 37K POMC, which is processed to 18K* POMC. In 
additi on, the inacti ve cells had a clearly higher degree of POMC sulphati on than the 
hyperacti ve cells. Since hyperacti ve cells produce much more POMC than inacti ve 
cells, we hypothesised that the Golgi of hyperacti ve cells lacks the capacity that is 
necessary to complex glycosylate and sulphate all POMC molecules traversing this 
subcompartment. In support of this noti on, reducing the secretory cargo load in 
the hyperacti ve cells allowed the cells to now complex glycosylate the major part of 
POMC passing through the Golgi. It remains to be established whether the bioacti ve 
products generated from the diﬀ erenti ally glycosylated and sulphated POMC 
molecules have diﬀ erent biological functi ons. Glycosylati on and sulfati on are known 
to aﬀ ect biological properti es, such as the stability and bioacti vity of secretory cargo 
proteins. Proteins and pepti des known to be aﬀ ected in their bioacti vity because 
of a change in postt ranslati onal modifi cati on include HIV-1 neutralising anti bodies 
(Choe et al., 2003), cytokines (Chamorey et al., 2002), coagulati on factor X (Sinha 
and Wolf, 1993), the excreted pancreati c protein RNaseB (Rudd et al., 1994), and 
the hormones gastrin, cholecystokinin, leu-enkephalin, prolacti n, thyrotropin, 
gonadotropins and follicle sti mulati ng hormone (Bodanszky et al., 1978; Jensen et 
al., 1980; Unsworth et al., 1982; Markoﬀ  et al., 1988; Haro et al., 1990; Sinha et al., 
1991; Barrios-De-Tomasi et al., 2002; Fares, 2006). Therefore, it is conceivable that 
the diﬀ erenti ally glycosylated and sulphated products secreted by the hyperacti ve 
and the inacti ve melanotropes have diﬀ erent bioacti viti es, and thus that the BA and 
WA cells have diﬀ erent secretory signals. For example, the complex glycosylated 18K* 
POMC product and the sulphated pepti des secreted by the WA cells may functi on as 
inhibitors of skin pigmentati on. If so, the lighter skin colour of the p242-transgenic 
Xenopus (Bouw et al., 2004) may be att ributed to the fact that the p242-tmcs produce 
more complex glycosylated 18K* POMC product and sulphated pepti des. It would be 
interesti ng to know whether physiologically (e.g. plasma cells and pancreati c -cells) 
or pathologically (e.g. neuroendocrine tumour cells) relevant hyperacti ve secretory 
cells also secrete products that are diﬀ erenti ally processed in the Golgi and whether 
these products have diﬀ erent bioacti viti es.
In view of our observati ons in the p242-tmcs and the wild-type melanotropes, we 
may conclude that the p242-transgene product improved the glycosylati on and 
sulphati on capacity of the Golgi. Importantly, this is not an indirect eﬀ ect of an 
altered cargo load, since the POMC transport- and processing-rates in the p242-
tmcs were essenti ally not changed. The molecular mechanism behind the improved 
Golgi functi oning in the p242-tmcs is at present a matt er of speculati on. Possibly, 
the supply of glycosylati on and sulphati on enzymes to the Golgi was improved 
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in the p242-tmcs. Unfortunately, enzyme acti vity measurements (e.g. for the 
glycosylati on enzyme Golgi -Mannosidase II, the enzyme that catalyses the steps 
in glycomaturati on that lead to EndoH-resistance) failed, because the intermediate 
pituitary provided insuﬃ  cient material to allow a successful assay. Alternati vely, the 
communicati on between separate Golgi stacks (e.g. through an improved lateral 
linking) was enhanced in the p242-tmcs. Intriguingly, functi onally disti nct Golgi units 
with diﬀ erent machinery compositi on were found in Drosophila imaginal disk cells 
(Yano et al., 2005) and lateral linking of Golgi subunits in mammalian cells allowed a 
uniform distributi on of Golgi enzymes and provided opti mal biosyntheti c processing 
conditi ons (Puthenveedu et al., 2006). p242 may enhance communicati on between 
or linking of Golgi stacks through coated vesicles or through altering lipid environments 
(discussed below). Alternati vely, p242 may play a role in the transfer of secretory 
cargo molecules from one Golgi (glycosylati on) enzyme to the next, either directly 
or indirectly by supplying an unknown factor that facilitates this process. Such an 
increase in transfer eﬃ  ciency would explain why 18K* POMC is produced faster than 
18K POMC.
Like in the p243-tmcs, POMC processing was reduced in the p241-tmcs, albeit to a 
lesser extent, whereas POMC-glycosylati on and -sulphati on were unaﬀ ected. In view 
of the relati vely low p241-transgene expression level, it cannot be excluded that a 
higher expression level would lead to a stronger, more p243-like phenotype. In the 
p243-tmcs, POMC processing was aﬀ ected to a similar degree as in the p241-tmcs, 
POMC-glycosylati on was altered similar to but to a lesser extent than that in the 
p242-tmcs, whereas POMC-sulphati on was not aﬀ ected. Clearly, the four coinduced 
p24s have important, but -at least partly- disti nct roles in POMC biosynthesis. The 
similariti es in phenotypes (e.g. N-glycosylati on in the p243- and p242-tmcs) may 
be due to a parti al functi onal overlap between p24 proteins (e.g. p243 and p242 
monomers or homodimers may both supply glycosylati on machinery to the Golgi) or 
within a complex with other p24 proteins (e.g. p243-p242 heterodimers may supply 
glycosylati on machinery).
Of the transgenic cells for the two non-regulated p24 proteins, the p242-tmcs did 
not display aberrati ons in the POMC processing rate nor in POMC-glycosylati on, 
but these cells displayed an increase in POMC-sulphati on although not as much 
as the p242-tmcs. In the p241-tmcs we did not observe any aberrati ons in POMC 
biosynthesis, in line with the previous analyses of these cells  (Bouw, 2004). Thus, the 
nonregulated p24s, parti cularly p241, may have only a minor role, if any, in POMC 
biosynthesis. Nevertheless, these p24s may support the four coregulated p24s to 
allow the biosynthesis of large amounts of POMC. Reasoning along the same line 
as above for the supply of glycosylati on machinery by p243 and p242, the overlap 
in the sulphati on phenotype of the p242 and p242 tmcs may be explained by a 
supply of sulphati on machinery by a p242-p242 heterodimer or by p242 and p242 
monomers/homodimers.
The ultrastructure of the p24-transgenic Xenopus melanotrope cells
In general, p24 transgene expression did not aﬀ ect the ultrastructure of the 
melanotrope cells, with the sole excepti on of p243. In the p243-tmcs, the ER 
contained many large EDS in which POMC had accumulated. In additi on, the Golgi 
apparatus was fragmented but remained stacked, thus building Golgi mini-stacks. 
Interesti ngly, a similarly dispersed Golgi ribbon has been observed when p25/
p242 (the closest relati ve of p243) was knocked-down in mammalian cells (HeLa), 
although in this case secretory cargo transport was not aﬀ ected and EDS were not 
reported (Mitrovic et al., 2008). The latt er diﬀ erences may be related to the diﬀ erent 
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approaches used (overexpression with displacement of endogenous p24s versus 
knock-down), the diﬀ erent subfamily members targeted (p243 versus p242) or the 
diﬀ erence in secretory acti vity of the cell type used (high in melanotropes versus 
low in HeLa). Moreover, the fragmentati on of the Golgi in the p243-tmcs may well 
represent an indirect eﬀ ect caused by the severely reduced transport and supply of 
proteins and membranes to the Golgi. However, since p242 and p243 are highly 
homologous (>82% identi ty, >90% similarity), it may be argued that the two p24 
proteins fulfi l a similar role in maintaining the structure of the Golgi ribbon.
Since overexpression of p24(A)/p241 or p23/p241 in mammalian cells in culture 
caused an expansion of characteristi c smooth ER membranes and overexpression 
of p241 reduced the length of Golgi cisternae (Blum et al., 1999; Gommel et al., 
1999; Rojo et al., 2000), a morphogenic role for p24(A)/p241 and p23/Tmp21/
p241 has been proposed previously as well. We did not observe any ultrastructural 
aberrati ons in the p241-, p241- and p242-tmcs, possibly due to their  expression 
levels that are low relati ve to those in transfected mammalian cells in culture. 
Indeed, low-level expression of p241 or p241 in cultured mammalian cells did not 
induce ultrastructural aberrati ons (Blum et al., 1999). On the other hand, since the 
melanotrope cells are highly acti ve secretory cells equipped with extensive secretory 
pathway membranes, these cells may be bett er suited to resist any ultrastructural 
alterati ons that are induced by p24 overexpression in other cell types.
The involvement of coat proteins in the functi oning of p24δ2
p24 proteins are thought to play an important role in the formati on of COPI- and 
COPII-coated transport vesicles (chapter one). Therefore, we investi gated the roles 
of the COPI- and COPII-binding moti fs of p242 in POMC biosynthesis. To this end, 
we generated Xenopus with melanotrope cell-specifi c transgene expression of p242 
with the COPI-binding moti f mutated (KK/SS; KK-tmcs) or with the COPII-binding 
moti f mutated (FF/AA; FF-tmcs) (chapter six; summarised in Table 1). While this 
work was in progress, the COPII-binding FF-moti f was shown to be part of the COPI-
binding moti f as well (Béthune et al., 2006). As a result, any eﬀ ect observed in the 
FF-tmcs cannot be unambiguously att ributed to only either a disrupted COPI- or a 
disrupted COPII-binding.
The typical localisati on of the (wt; nonmutated) p242-transgene product in 
perinuclear Golgi-structures and in the ER was lost upon mutati ng either the KK- 
or the FF-moti f; both mutated transgene products localised exclusively to the ER. 
This observati on is in line with fi ndings in other cell-types transfected with p24 coat-
binding mutants (Nickel et al., 1997; Dominguez et al., 1998; Emery et al., 2003; 
Langhans et al., 2008) (more elaborately discussed in chapter six). In contrast to the 
wt p242-transgene product, the KK- and FF-transgene products did not displace 
the endogenous p24 proteins. Assuming that p24-interacti ons are required for 
displacement to take place (as discussed above), coat binding may allow or stabilise 
these interacti ons. 
Interesti ngly, the KK- and FF-mutati ons abolished the clear aberrati ons in POMC-
glycosylati on and -sulphati on that we observed in the wt p242-tmcs, indicati ng 
that the interacti ons with the vesicle coat complexes are of great importance for 
p242 to fulfi l its role in allowing proper POMC-glycosylati on and -sulphati on. The 
most likely explanati on is that p242 exerts its functi on in POMC-glycosylati on and 
-sulphati on by means of COPI- and COPII-coated vesicles. This is discussed below 
in more detail. Furthermore, both the KK- and the FF-tmcs displayed a reducti on 
in the POMC processing rate, although not as severe as the p243-tmcs. Possibly, 
the mutated transgene products altered the traﬃ  cking behaviour of the endogenous 
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p24 proteins, thus hampering their functi on. Indeed, we showed that endogenous 
p243 (and likely also the other endogenous p24s) did not reach the Golgi in the FF-
mutant tmcs. We did not detect such a reducti on in p24 cycling in the KK-mutant, but 
this could be due to its relati vely low transgene expression level.
In our functi onal studies, we transgenically expressed p24 proteins that had a GFP-tag 
att ached to their C-terminus. We chose to att ach GFP to the cytoplasmic tail, because 
an N-terminally att ached GFP-tag may have prevented cargo binding to the lumenal 
domain. Conversely, it may be argued that a cytoplasmic GFP-moiety obscures the 
coat protein binding moti fs. Importantly, the Golgi-localisati on of the p242-transgene 
products was lost for both the FF- and the KK-mutant, and at least in the FF-mutant 
tmcs the cycling of the endogenous p24 proteins through the Golgi was disrupted. 
Moreover, both mutant p242-tmcs had phenotypes (aﬀ ected POMC biosynthesis) 
that were markedly diﬀ erent from that of the wt p242-tmcs. This clearly shows that 
both the KK- and the FF-moti f were functi onal in the wt p242-transgene product. It 
is therefore reasonable to assume that the cytoplasmic binding moti fs of the other 
p24-transgene products are functi onal as well. The p243 protein may however be 
an excepti on since this protein has a canonical KKXX COPI-binding retrieval moti f 
with the two lysines placed in the -3 and -4 positi ons (Jackson et al., 1990), whereas 
in the mutant the positi on of the KK moti f is changed by the additi on of the GFP-
tag.  Interesti ngly, preliminary analyses of a number of N-terminally GFP-tagged p24-
tmcs (p243, p241 and p242) did not reveal any aberrati ons in endogenous p24 
protein levels, secretory cargo steady-state levels or POMC processing, suggesti ng 
that the cytoplasmic GFP-tag does infl uence p24 functi oning. It thus appears that 
we expressed dominant-negati ve p24 transgene products that retained a parti al 
functi onality (compare wt and mutated p242).
Model
In chapter three, we presented a novel role for p24 proteins explaining both our own 
observati ons in the transgenic Xenopus melanotrope cells and previous observati ons 
in other cell types. We proposed that the p24 proteins are responsible for the supply 
of subsets of machinery proteins to furnish the various subcompartments of the early 
secretory pathway, thus allowing these subcompartments to functi on properly in the 
biosynthesis of secretory cargo. This model is illustrated in Figure 2. The observati ons 
in the p241-, p242-, p243- and p241-tmcs (described in chapters four and fi ve) 
are consistent with this model. Our model is further substanti ated by large-scale 
protein-interacti on studies showing physical interacti ons between yeast p24 proteins 
and a variety of machinery proteins, including CPT1, SUR2, SUR4 and FEN1 (lipid 
metabolism), WBP1 (subunit of the oligosaccharyl transferase (OST) complex, which 
transfers glycogroups to asparagines), PPA1 (the V-ATPase proton pump subunit 
c’’) and SED5 (cis-Golgi SNARE) [see the BIOGRID database (Stark et al., 2006)]. The 
diﬀ erences in the phenotypes of the various p24-tmcs may be caused by the diﬀ erent 
aberrati ons in subsets of machinery supplied by each p24, whereas the similariti es 
in the phenotypes may be due to changes in subsets of machinery that are common 
between multi ple p24s or that are supplied by p24-complexes. The machinery 
proteins supplied or recruited by p24 proteins may include (Golgi) enzymes, Golgi 
matrix proteins [e.g. GRASPs (Barr et al., 2001)], SNAREs, small GTPases [e.g. Arf1 
(Gommel et al., 2001; Majoul et al., 2001; Contreras et al., 2004) and Sar1 (Belden 
and Barlowe, 2001b)] and their exchange factors (GEFs) and acti vati ng proteins (GAPs) 
(Lanoix et al., 2001). In additi on, p24 proteins may recruit or infl uence the acti vity of 
proteins that alter microenvironments to allow proper vesicle budding, aggregati on 
of secretory cargo molecules (in analogy to the formati on of secretory granules [for 
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review see Tooze et al. (2001)]) or incorporati on of proteins into transport structures 
(e.g. lipid-modifying enzymes, ion-channels and proton-pumps).
The exact molecular mechanism underlying the machinery supply by the p24 proteins 
remains elusive. Since -at least for p242- the vesicle coat binding-moti fs appears to be 
involved, p24-based machinery-supply likely takes place through vesicular transport. 
In this respect, it is of interest to note that at least two subpopulati ons of COPI-
vesicles exist, one with p24 proteins but lacking the Golgi enzyme -mannosidase II, 
and one with -mannosidase II but lacking p24 proteins (Lanoix et al., 2001; Malsam 
et al., 2005). It has been suggested that the p24-containing COPI-vesicles recycle 
material to the ER, whereas the p24-lacking COPI-vesicles are involved in intra-
Golgi transport (Malsam et al., 2005). The diﬀ erenti al -mannosidase II content of 
the vesicle subclasses may be due to the p24 proteins excluding -mannosidase II 
from COPI-vesicles that are recycling to the ER, thus ensuring selecti ve transport. 
Interesti ngly, the COPI-coat comes in diﬀ erent fl avours in that multi ple isotypes 
of COPI-subunits exist (Blagitko et al., 1999; Futatsumori et al., 2000) and at least 
three diﬀ erent ArfGAPs (GTPase acti vati ng proteins) are known to be involved in the 
formati on of COPI-vesicles (Frigerio et al., 2007). Hence, a variety of isotype-specifi c 
COPI-vesicles may be composed. Given the interacti ons of p24 proteins with COPI-
subunits (Béthune et al., 2006) and at least one of the ArfGAPs (ArfGAP1) (Lanoix 
et al., 2001), p24 proteins may play a crucial role in the selecti ve recruitment of 
specifi c combinati ons of the COPI-components. This may well be the key factor that 
determines the eventual selecti on of machinery proteins that are incorporated into 
these COPI isotype-specifi c vesicles and thus the selecti ve delivery of machinery to 
subcompartments of the early secretory pathway.
An alternati ve mechanism of acti on of the p24 proteins may concern alterati ons in 
lipid environments. Indeed, p24 proteins have been demonstrated to form highly 
specialised membrane microdomains (Emery et al., 2003) and to induce ultrastructural 
changes in endomembranes (Blum et al., 1999; Gommel et al., 1999; Lavoie et al., 
1999; Rojo et al., 2000; Mitrovic et al., 2008; chapter three). If p24 proteins are able 
to change local membrane compositi ons, this would actually require interacti ons with 
specifi c lipids. In fact, some p24 proteins have been found to interact with specifi c 
lipid species (X. Contreras, B. Brügger and F. Wieland, personal communicati on). If 
true, the presence of certain p24 proteins would induce local changes in membrane 
compositi on and properti es (e.g. membrane thickness, hydrophobicity, lipid head 
groups, membrane fl uidity). This would allow certain transmembrane proteins 
to enter these membrane microdomains, modulate the recruitment of peripheral 
membrane proteins and facilitate membrane deformati ons. 
Figure 2. The p24 furnishing model 
A, Schemati c depicti on of the p24 furnishing model presented in this thesis and based on the 
results of the p24 transgenesis studies in Xenopus melanotrope cells. POMC is transported 
by bulk fl ow. Each p24 protein is responsible for the supply of a specifi c subset of machinery 
proteins (black arrows) to the bulk fl ow structure to allow an eﬃ  cient and correct transport 
and processing of POMC (coloured arrows). B, Schemati c representati on of the molecular 
mechanism by which p24 proteins supply the machinery required for POMC transport and 
processing. The p24 proteins are involved in the disti nct (vesicular) transport steps in between 
the various subcompartments of the early secretory pathway (black arrows) to ensure the 
selecti ve and proper targeti ng of machinery that is needed for the eﬃ  cient and correct 
transport and processing of POMC (grey arrow). A colour version of this fi gure is printed on 
page 176.
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Interesti ngly, p24 proteins have also been found in COPII-vesicles and interact with the 
structural COPII-subunit Sec23 (Schimmöller et al., 1995; Belden and Barlowe, 1996; 
Dominguez et al., 1998; Belden and Barlowe, 2001b). Since various components of 
the COPII-coat come in diﬀ erent fl avours as well [reviewed in Hughes and Stephens 
(2008)], p24 proteins may play a similar role as discussed above for COPI-vesicles, 
namely in the biogenesis of isotype-specifi c ER-derived COPII-vesicles and loading 
specifi c machinery proteins in the vesicles. Such a functi on for p24 proteins in the 
biogenesis of subclasses of COPI- and/or COPII-vesicles is testable. For example, the 
interacti ons of p24 proteins with the various isotypes of coat subunits can be studied 
as well as the quanti tati ve (number) and qualitati ve (protein and lipid content) 
formati on of vesicles in cells lacking p24s, overexpressing p24s or expressing p24 
coat-binding mutants.
Future prospects
Unfortunately, except for the involvement of coat protein binding the exact 
molecular mechanism explaining our fi ndings remains largely obscure. Future work 
will undoubtedly provide more insight into the underlying mechanisms. It would be 
revealing to know which role each p24-domain (GOLD, coiled-coil, transmembrane, 
cytoplasmic) plays. This can be studied by swapping domains between p24 proteins, 
expressing the domain-swapped p24s in Xenopus melanotrope cells via stable 
transgenesis and comparing the eﬀ ects of the domain-swapped p24s with those of 
the unswapped p24s, analogous to the work described in this thesis. In parti cular, 
swapping domains between p243 and p242, and between p241 and p242 may 
provide insight. The former pair is proposed because p243 and p242 exhibited 
diﬀ erent and very obvious eﬀ ects on POMC biosynthesis and cellular ultrastructure. 
The latt er pair is interesti ng because p241 and p242 are structurally highly related, 
whereas only p242 had an eﬀ ect on POMC biosynthesis. Furthermore, for technical 
reasons the use of other cell-systems may be more convenient than employing 
transgenic Xenopus melanotrope cells. For example, the analysis of mammalian 
cells in culture is in general facilitated by (commercially) available anti bodies, and 
these cells can be readily transfected for overexpression or RNAi knock-down. 
Although cultured regulated hyperacti ve neuroendocrine cells represent in principle 
a favourable cell model system to study the secretory pathway, these cells however 
lose their regulated potenti al in culture. Moreover, structural changes induced by 
protein overexpression in transfected cells in culture [as observed for p24(A)/p241 
and p23/p241 (Blum et al., 1999; Gommel et al., 1999; Rojo et al., 2000)] should be 
avoided, which can be accomplished by low expression levels in transiently transfected 
cells, by generati ng stable cell lines or by using cells with a large secretory capacity. 
Furthermore, in vitro studies may be performed to establish novel binding partners 
for p24 proteins, including specifi c isotypes of vesicle coat subunits, machinery 
proteins and lipids. Yet, these studies will require a major eﬀ ort. However, in the long 
run they will provide a wealth of insight, not only into the role of p24 proteins, but 
also more generally into selecti ve transport processes in the early secretory pathway 
and how the various subcompartments of the early secretory pathway are equipped 
with the proper sets of machinery.
In conclusion, in this thesis we fi rst characterised the p24 system in vertebrates, 
showing that the p24 family is evoluti onarily highly conserved and widely expressed. 
Furthermore, we generated Xenopus with melanotrope cell-specifi c expression 
of either of six p24 proteins. The phenotypes of the tmcs were specifi c for each 
transgene construct, indicati ng a specifi c role for each of the six p24 proteins in POMC 
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biosynthesis and organising the ultrastructure of the secretory pathway, and showing 
the suitability of the transgenesis system. Moreover, we showed the involvement of 
vesicle coat binding in the functi oning of p242. Our fi ndings led us to propose a novel 
role for p24 proteins, namely that using COPI- and COPII-coated vesicles they furnish 
subcompartments of the secretory pathway with the appropriate machinery proteins 
to allow proper and eﬃ  cient secretory cargo biosynthesis. Finally, we demonstrated 
in wild-type melanotrope cells a diﬀ erenti al glycosylati on and sulphati on of POMC 
that depends on the biosyntheti c acti vity of the cells and that appears to be caused 
by a lack of suﬃ  cient Golgi enzymes in the hyperacti ve melanotropes. Interesti ngly, 
expression of a number of the p24-transgene products led to an increase in the 
degree of glycomaturati on and/or sulphati on of POMC in the BA tmcs, supporti ng our 
hypothesis that p24 proteins supply machinery proteins. Further work is necessary 
to challenge our new model on the functi oning of p24 proteins and to expand on the 
molecular mechanisms involved. An ever increasing number of diseases is related to 
the malfuncti oning of the secretory pathway [for example see Aridor and Hannan 
(2000); Aridor and Hannan (2002); Howell et al. (2006) for an overview]. Unravelling 
the processes involved in normal secretory protein biosynthesis is indispensable to 
understand the molecular mechanisms underlying secretory pathway pathologies 
and to eventually fi nd a cure for these diseases. The work described in this thesis 
provides novel insights into the functi oning of the secretory pathway in hyperacti ve 
secretory cells and the role of p24 proteins in selecti ve transport processes in the 
early secretory pathway. As such, this thesis contributes to our understanding of 
the normal secretory process and may thus eventually help to understand diseases 
caused by aberrati ons in the secretory pathway.
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SUMMARY
The secretory pathway consists of a number of disti nct membrane-bounded 
subcompartments that have specialised functi ons in the various steps that are 
necessary for proper protein biosynthesis. Malfuncti oning of the secretory pathway 
is linked to diseases as diverse as choroideremia (blindness, defect in Rab escort 
protein 1), Sjögren’s disease (an autoimmune disease against the Golgi protein 
Golgin-97 with various symptoms related to the producti on of body fl uids), Cushing’s 
disease (a neurological disorder caused by defects in 7B2, a chaperone of prohormone 
convertase 2) and cranio-lenti culo-sutural dysplasia (various symptoms including facial 
dysmorphism and skeletal deformati ons caused by a mutati on in the Sec23A subunit 
of the COPII transport vesicle coat). The subcompartments of the secretory pathway 
are equipped to allow the specifi c steps that are needed for proper postt ranslati onal 
modifi cati ons (e.g. glycosylati on, sulphati on and proteolyti c cleavage) in order to 
generate bioacti ve products from precursor cargo. The biosyntheti c process includes 
selecti ve protein traﬃ  cking events in-between subcompartments of the secretory 
pathway. Two contrasti ng models for such transport events have been proposed. 
The original model proposes that transport of secretory cargo takes place in vesicles 
coated with the vesicle coat complexes COPI or COPII. The alternati ve model describes 
secretory cargo transport by a bulk-fl ow mechanism that involves maturati on 
of carriers, whereby the COPI- and COPII-vesicles transport machinery between 
subcompartments. Members of the p24 family of ~24kDa type-I transmembrane 
proteins are thought to play an important but poorly understood role in the selecti ve 
traﬃ  cking events at the interface of the endoplasmic reti culum (ER) and the Golgi. 
The goal of this thesis was to bett er understand the role of the p24 proteins in the 
early secretory pathway.
The p24 proteins consti tute an evoluti onarily conserved family that can be subdivided 
into four subfamilies (p24, -, - and -). In chapter two, we present a comprehensive 
overview of the vertebrate p24 family. Using bioinformati c techniques, we identi fi ed 
in several vertebrate species the various members of the p24 family, including a 
novel family member, and studied their evoluti onary conservati on and occurrence. 
A total of nine p24 proteins was found throughout the vertebrate lineage and two 
more were found only in certain branches of the vertebrate lineage. Within each of 
the four subfamilies the degree of amino acid sequence conservati on is generally 
high, but only a few amino acid residues are conserved throughout the enti re family. 
Furthermore, we showed that eight of the ten mouse p24 proteins are ubiquitously 
expressed, whereas p241 (pancreas) and p245 (lung, liver, kidney, small intesti ne, 
colon and spleen) are less widely expressed.
We studied the functi on of p24 proteins in the neuroendocrine melanotrope cells of 
the intermediate pituitary of the amphibian Xenopus laevis. The melanotrope cells 
are professional secretory cells that can be physiologically acti vated to produce and 
process large amounts of the prohormone proopiomelanocorti n (POMC) by placing 
the frogs on a black background. Upon acti vati on of the melanotrope cells, a subset 
of p24 proteins is coinduced with POMC (p243, p241, p243 and p242). Two other 
p24 proteins (p242 and p241) are expressed in the melanotrope cells, but not 
co-ordinately with POMC. To study the role of the four upregulated and the two 
nonregulated p24 proteins, we generated stably transgenic Xenopus with inducible, 
melanotrope cell-specifi c transgene expression of each of the six p24 proteins, 
using a POMC-promoter fragment to drive expression (Chapters three to fi ve). We 
analysed the transgenic melanotrope cells using techniques such as Western blot 
analysis, mass spectrometry, pulse-chase metabolic labelling, confocal microscopy 
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and (immuno-)electron microscopy.
For the four p24 proteins coinduced with POMC we found that: i) p243 eﬃ  ciently 
displaced all endogenous p24 proteins, which led to severe defects in the transport 
and processing rate of secretory cargo molecules, notably POMC. As a result, 
POMC accumulated in electron-dense structures in the ER and the Golgi ribbon 
was dispersed into mini-stacks. Despite these disrupti ons, the p243-transgenic 
melanotrope cells (tmcs) glycosylated and sulphated POMC normally and produced 
the correct set of POMC-derived bioacti ve pepti des (Chapter three). ii) p241 did not 
displace the endogenous p24 proteins, but nevertheless caused a reducti on of cargo 
transport and processing, albeit to a lesser extent than p243. The p241-tmcs had an 
unaﬀ ected ultrastructure, glycosylated and sulphated POMC normally, and produced 
the correct set of POMC-derived pepti des (Chapter four). iii) p243 displaced only 
its endogenous counterpart but not the other p24 proteins. Nevertheless, the cargo 
transport and processing rates were reduced in the p243-tmcs, but not as severe as 
in the p243-tmcs. The N-glycosylati on of POMC was aﬀ ected in the p243-tmcs, but 
the sulphati on of POMC and the ultrastructure of the cells were unaﬀ ected, and the 
normal set of pepti des was produced (Chapter four). iv) like p243, the p242 protein 
eﬃ  ciently displaced all endogenous p24 proteins. Nevertheless, the p242-transgene 
product did not aﬀ ect the transport and processing rate of the cargo, the ultrastructure 
of the cells or the producti on of the bioacti ve pepti des. However, the p242-tmcs 
exhibited clear alterati ons in the glycosylati on and sulphati on of POMC (Chapter 
three). For the two nonregulated p24s we found that: i) p242 did not displace the 
endogenous proteins. The p242-tmcs had a normal transport and processing rate 
of the cargo, a normal ultrastructure and a virtually unaﬀ ected POMC glycosylati on, 
and produced the normal set of POMC-derived bioacti ve pepti des. However, POMC 
sulphati on was aﬀ ected in the p242-tmcs, albeit to a lesser extent than in the p242-
tmcs (Chapter fi ve). ii) p241 did not aﬀ ect the p24 system or the functi oning of the 
secretory pathway of the transgenic cells (Chapter fi ve). Clearly, the four coregulated 
p24 proteins had diﬀ erent roles in the biosynthesis of POMC, whereas the role of 
the two nonregulated p24s in POMC biosynthesis -if any- was less obvious. Thus, we 
observed functi onal diﬀ erences not only between similarly regulated p24s, but also 
between diﬀ erenti ally regulated p24s from the same subfamily.
To gain more insight into the mechanism of p24 functi oning in POMC biosynthesis, we 
generated and analysed transgenic frogs expressing specifi cally in the melanotrope 
cells p242 with the binding moti fs for COPI (KK) or COPII (FF) mutated (Chapter six). 
The KK-mutant did not aﬀ ect the p24 system, whereas the FF-mutant hampered 
the traﬃ  cking of the endogenous p24 proteins but did not reduce their levels. Both 
mutants abolished the eﬀ ects on POMC biosynthesis (glycosylati on and sulphati on) 
observed when wild-type p242 was transgenically expressed, but instead caused a 
reducti on in the rate of cargo transport and processing. Nevertheless, both the p242 
KK- and the p242 FF-tmcs produced the normal set of POMC-pepti des. Thus, the 
functi oning of p242 in POMC biosynthesis requires coat protein binding.
Finally, we investi gated the processing of POMC not only in highly acti ve, but also in 
inacti ve melanotrope cells (Chapter seven). We found that in hyperacti ve melanotrope 
cells, which produce and proteolyti cally process large amounts of POMC, the majority 
of POMC did not get sulphated nor complex glycosylated. In contrast, in inacti ve 
melanotrope cells, which produce and process only a small amount of POMC, the 
vast majority of POMC readily received sulphates and complex glycogroups. When 
we pharmacologically decreased the secretory cargo load in acti ve melanotropes, we 
found that the majority of the POMC molecules was now complex glycosylated. We 
concluded that the secretory pathway of acti ve melanotrope cells is not equipped 
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with suﬃ  cient machinery to process the N-glycans on the huge amount of cargo 
that traverses the Golgi. Thus, hyperacti ve melanotrope cells produce a diﬀ erent 
secretory output than inacti ve cells. This fi nding may have consequences for other 
physiologically or pathologically relevant and highly acti ve secretory cell types, e.g. 
immunoglobulin-secreti ng plasma cells and neuroendocrine tumour cells.
In chapter eight, the results described in this thesis are put into a broader perspecti ve 
and a novel model for p24 functi oning is discussed. We propose that in COPI- and 
COPII-coated vesicles each of the members of the p24 family supplies a specifi c set 
of machinery molecules to a parti cular subcompartment of the secretory pathway. 
As such, the various subcompartments get equipped to properly functi on in the 
transport and postt ranslati onal processing of biosyntheti c cargo molecules.
Together, the work described in this thesis greatly adds to our understanding of the 
functi oning of the secretory pathway in professional secretory cells, in parti cular the 
role of the p24 family in secretory cargo biosynthesis. In the future, this increase 
in fundamental knowledge may help unravel the molecular mechanisms underlying 
secretory pathway-related diseases that may eventually contribute to the cure of 
these diseases.
Samenvatti  ng
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SAMENVATTING
De secreti eroute bestaat uit een aantal afzonderlijke, door membranen omgeven 
subcomparti menten. Deze subcomparti menten hebben gespecialiseerde functi es in 
de verschillende stappen die nodig zijn voor een correcte eiwit-biosynthese. Defecten 
in de secreti eroute kunnen in verband gebracht worden met een breed spectrum aan 
ziekten, zoals choroideremia (blindheid, een defect in Rab escort protein 1), Sjögren’s 
ziekte (een autoimmuun ziekte tegen het Golgi eiwit Golgin-97 met verschillende 
symptomen gerelateerd aan de producti e van lichaamsvloeistoﬀ en), Cushing’s ziekte 
(een neurologische afwijking veroorzaakt door defecten in 7B2, een chaperone 
van prohormoon convertase 2) en cranio-lenti culo-sutural dysplasia (verschillende 
symptomen, inclusief afwijkingen aan het aangezicht en misvormingen van het 
skelet, veroorzaakt door een mutati e in de Sec23A ondereenheid van de eiwitmantel 
van de COPII-transportblaasjes). De subcomparti menten van de secreti eroute zijn 
uitgerust om de verschillende stappen mogelijk te maken, die nodig zijn voor het 
correct postt ranslati oneel modifi ceren (bijv. glycosyleren, sulfateren en proteolyti sch 
klieven) van te transporteren eiwitt en (vracht) om daaruit bioacti eve producten te 
vormen. Het biosyntheti sche proces omvat selecti eve transportstappen tussen de 
subcomparti menten van de secreti eroute. Voor zulke transportstappen bestaan 
twee contrasterende modellen. In het oorspronkelijke model vindt het transport van 
secreti evracht plaats in transportblaasjes, bekleed met de manteleiwit-complexen 
COPI danwel COPII. In het alternati eve model vindt het transport van vracht plaats 
door een zogenaamd ‘bulk-fl ow’ mechanisme dat de rijping van vracht-bevatt ende 
structuren omvat, waarbij de COPI- en COPII-blaasjes machineriën transporteren 
tussen de subcomparti menten. Men neemt aan dat de leden van de p24 familie, 
een familie van type-I transmembraan eiwitt en van circa 24kDa, een belangrijke 
-maar nog slecht begrepen- rol spelen in de selecti eve transportstappen op het 
grensvlak tussen het endoplasmati sch reti culum (ER) en het Golgi. Het doel van dit 
proefschrift  was om meer inzicht te  krijgen in de rol van de p24 eiwitt en in de vroege 
secreti eroute.
De p24 eiwitt en vormen een evoluti onair geconserveerde familie die opgedeeld kan 
worden in vier subfamilies (p24, -, -, en -). In hoofdstuk twee geven we een 
samenhangend overzicht van de p24 familie in gewervelden (vertebraten). Met behulp 
van bioinformati sche technieken hebben we de diverse leden van de p24 familie, 
inclusief een nieuw familielid, geïdenti fi ceerd in verschillende vertebrate soorten en 
hun evoluti onaire conservering en voorkomen bestudeerd. We hebben een totaal van 
negen p24 eiwitt en gevonden die in de gehele vertebrate lijn voorkomen en dan nog 
twee die alleen in bepaalde takken van de vertebrate lijn voorkomen. Binnen elk van 
de vier subfamilies is de mate van conservering van de aminozuur sequenti e door de 
bank genomen hoog, maar slechts een handvol aminozuur-residuen is in de gehele 
familie geconserveerd. Daarnaast laten we zien dat acht van de ti en p24 eiwitt en 
zeer breed tot expressie komen in muis, terwijl p241 (alvleesklier) en p245 (long, 
lever, nier, dunne darm, dikke darm en milt) minder breed tot expressie komen.
We hebben de functi e van p24 eiwitt en bestudeerd in de neuroendocriene 
melanotrope cellen in de intermediaire hypofyse van het amfi bie Xenopus laevis. 
De melanotrope cellen zijn professionele secreterende cellen, die fysiologisch 
geacti veerd kunnen worden door de kikkers op een zwarte ondergrond te plaatsen. 
Geacti veerde cellen produceren en verwerken grote hoeveelheden van het 
prohormoon proopiomelanocorti ne (POMC). Bij acti vering van de melanotrope 
cellen wordt een subset van p24 eiwitt en geïnduceerd samen met POMC (p243, 
p241, p243 en p242). Twee andere p24 eiwitt en (p242 en p241) komen wel 
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voor in de melanotrope cellen, maar worden niet samen met POMC gereguleerd. 
Om de rol van de vier opgereguleerde en de twee niet-gereguleerde p24 eiwitt en 
te bestuderen hebben we stabiele transgene Xenopus gegenereerd met een 
induceerbare, melanotrope cell-specifi eke transgen expressie van elk van de 
zes p24 eiwitt en. Hiertoe hebben we gebruik gemaakt van een POMC-promoter 
fragment om de transgen-expressie te sturen (Hoofdstukken drie t/m vijf). We 
hebben de transgene melanotrope cellen geanalyseerd met behulp van technieken 
zoals Western blot analyse, massaspectrometrie, ‘pulse-chase’ metabole labelling, 
confocale microscopie en (immuno-)electron microscopie.
Voor de vier p24 eiwitt en die samen met POMC geïnduceerd worden hebben we 
gevonden dat: I) p243 eﬃ  cient alle endogene p24 eiwitt en verdringt, hetgeen tot 
ernsti ge defecten leidde in de mate van transport en verwerking van secreti evracht, 
met name POMC. Bijgevolg hoopte POMC zich op in electron-dichte structuren in 
het ER en was het lintvormige Golgi verstrooid tot zogenaamde ‘Golgi mini-stacks’. 
Ondanks deze verstoringen waren de p243-transgene melanotrope cellen (tmcs) 
in staat om POMC normaal te glycosyleren en sulfateren en om de correcte set van 
POMC-afgeleide bioacti ve pepti den te produceren (Hoofdstuk drie). II) p241 de 
endogene p24 eiwitt en niet verdrong, maar toch een vermindering in het transport 
en de verwerking van vrachteiwitt en veroorzaakte, maar minder ernsti g dan 
p243. De p241-tmcs hadden een onaangetaste ultrastructuur, glycosyleerden en 
sulfateerden POMC normaal en produceerden de correcte set van POMC-afgeleide 
pepti den (Hoofdstuk vier). III) p243 enkel zijn endogene tegenhanger verdrong, 
maar niet de andere p24 eiwitt en. Desondanks waren de mate van vrachtt ransport en 
-verwerking gereduceerd in de p243-tmcs, maar niet zo sterk als in de p243-tmcs. 
De N-glycosylering van POMC was aangetast in de p243-tmcs, maar de sulfatering 
van POMC en de ultrastructuur van de cellen waren onaangetast en de normale set 
van pepti den werd geproduceerd (Hoofdstuk vier). IV) het p242 eiwit, net als p243, 
alle endogene p24 eiwitt en eﬃ  cient verdrong. Desondanks tastt e het p242-transgen 
product de mate van transport en verwerking van de vracht, de ultrastructuur van 
de cellen en de producti e van de bioacti eve pepti den niet aan. Toch vertoonden de 
p242-tmcs duidelijke veranderingen in de glycosylering en sulfatering van POMC 
(Hoofdstuk drie). Voor de twee niet-gereguleerde p24s vonden we dat: I) p242 de 
endogene eiwitt en niet verdrong. De p242-tmcs hadden een normale mate van 
transport en verwerking van de vracht, een normale ultrastructuur en een vrijwel 
onaangetaste POMC glycosylering, en produceerden de normale set van POMC-
afgeleide bioacti eve pepti den. Niett emin was de POMC sulfatering aangetast in de 
p242-tmcs, maar niet zo sterk als in de p242-tmcs (Hoofdstuk vijf). II) p241 noch 
het p24 systeem, noch het functi oneren van de secreti eroute van de transgene cellen 
aantastt e (Hoofdstuk vijf). Het is duidelijk dat de vier co-gereguleerde p24 eiwitt en 
verschillende rollen hadden in de biosynthese van POMC, terwijl de rol van de 
twee niet-gereguleerde p24s in de POMC biosynthese -als ze die al hebben- minder 
duidelijk is. Dus, we hebben niet alleen functi onele verschillen gevonden tussen 
soortgelijk gereguleerde p24s, maar ook tussen verschillend gereguleerde p24s van 
dezelfde subfamilie.
Om meer inzicht te verkrijgen in het mechanisme van het functi oneren van de p24 
eiwitt en in de biosynthese van POMC hebben we transgene kikkers gegenereerd 
die specifi ek in de melanotrope cellen p242 tot expressie brachten met de 
bindingsmoti even voor COPI (KK) of COPII (FF) gemuteerd (Hoofdstuk zes). De KK-
mutant tastt e het p24 systeem niet aan, terwijl de FF-mutant wel de bewegingen van 
de endogene p24 eiwitt en tussen ER en Golgi reduceerde maar niet hun hoeveelheid. 
Beide mutanten deden de eﬀ ecten op de POMC biosynthese (glycosylering en 
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sulfatering) teniet die gevonden werden wanneer wild-type p242 transgeen tot 
expressie werd gebracht, maar veroorzaakten in plaats daarvan een vermindering 
in de mate van vrachtt ransport en -verwerking. Desalniett emin produceerden 
zowel de p242 KK- als de p242 FF-tmcs de normale set van POMC-pepti den. Dus, 
het functi oneren van p242 in de POMC biosynthese vereist het binden van de 
manteleiwitt en.
Tot slot onderzochten we de verwerking van POMC niet alleen in hoog-acti eve, maar 
ook in inacti eve melanotrope cellen (Hoofdstuk zeven). We hebben gevonden dat 
in hyperacti ve melanotrope cellen, welke grote hoeveelheden POMC produceren en 
proteolyti sch verwerken, het meeste POMC niet gesulfateerd en complex geglycosyleerd 
wordt. In tegenstelling hiermee ontvangt in inacti eve cellen, welke slechts een 
kleine hoeveelheid POMC produceren en verwerken, het overgrote deel van POMC 
zonder problemen sulfaten en complexe glycogroepen. Toen we farmacologisch de 
belasti ng met secreti evracht in acti eve melanotropen verminderden, vonden we dat 
het grootste deel van POMC plots complex geglycosyleerd werd. We concludeerden 
dat de secreti eroute van acti eve melanotrope cellen niet uitgerust is met voldoende 
machinerie om de N-glycanen op de enorme hoeveelheid vracht die door het Golgi 
gaat te verwerken. Dus, de hyperacti eve melanotrope cellen produceren een andere 
secreti e-uitvoer dan inacti eve cellen. Deze bevinding kan consequenti es hebben voor 
andere, fysiologisch of pathologisch relevante, hoog-acti eve secreterende celtypen, 
bijvoorbeeld immunoglobuline-secreterende plasma cellen en neuroendocrine 
tumor cellen.
In hoofdstuk acht zijn de in dit proefschrift  beschreven resultaten in een breder 
perspecti ef geplaatst en is een nieuw model voor het functi oneren van p24 
bediscussieerd. We stellen voor dat de leden van de p24 familie elk een specifi eke 
set van machinerie moleculen leveren aan een bepaald subcomparti ment van 
de secreti eroute door middel van COPI- en COPII-bedekte transportblaasjes. Op 
die manier worden de verschillende subcomparti menten van de secreti eroute 
uitgerust om naar behoren te functi oneren in het transport en de postt ranslati onele 
verwerking van biosyntheti sche vrachtmoleculen. Samengevat draagt het in dit 
proefschrift  beschreven werk duidelijk bij aan ons begrip van het functi oneren van 
de secreti eroute in professionele secreti ecellen, en dan in het bijzonder de rol van de 
p24 familie in de biosynthese van secreti evracht. In de toekomst kan deze toename 
in fundamentele kennis helpen om de moleculaire mechanismen te ontcijferen die 
ten grondslag liggen aan secreti eroute-gerelateerde ziekten en kan op die manier 
uiteindelijk bijdragen aan het genezen van deze ziekten.
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aa amino acid
AL Anterior lobe
APP Amyloid- precursor protein
Arf1 ADP-ribosylati on factor
ATP Adenosine triphosphate
BA Black-adapted
BLAST Basic local alignment search tool
BSA Bovine serum albumin
CLIP Corti cotropin-like intermediate lobe pepti de
COP (I/II) Coat protein
ECS Extra-cellular space
EDS Electron-dense structures
EM Electron microscopy
EndoH Endoglycosidase H
ER Endoplasmic reti culum
ERES ER exit sites
ERGIC ER-Golgi intermediate compartment
EST Expressed sequence tag
GAP GTPase acti vati ng protein
GDP Guanine diphosphate
GEF Guanine exchange factor
GFP Green fl uorescent protein
GOLD Golgi dynamics (domain)
GPI Glycosylphosphati dylinositol
GRASP Golgi reassembly stacking protein
GST Gluthati one S-transferase
GTP Guanine triphosphate
HPF High-pressure freezing
HPLC High-performance liquid chromatography
IEM Immuno-electron microscopy
IL Intermediate lobe
IVF In vitro ferti lisati on
MALDI-TOF MS Matrix-assisted laser-desorpti on-ionisati on mass spectrometry
MSH Melanophore-sti mulati ng hormone
NIL Neurointermediate lobe 
n.s. Not signifi cant
nt Nontransgenic
ORF Open reading frame
PB Phosphate buﬀ er
PBG PBS with 0.5% BSA and 0.1% cold fi sh skin gelati n
PBS Phosphate-buﬀ ered saline
(pro)PC2 (pro)Prohormone convertase 2
RT-PCR Reverse transcriptase - polymerase chain reacti on
PFA Paraformaldehyde
PM Plasma membrane
PMSF Phenylmethylsulphonyl fl uoride
PNGaseF Pepti dyl N-glycosidase F
POMC Proopiomelanocorti n
REMI Restricti on enzyme-mediate integrati on
RT Room temperature
RT-PCR Reverse transcriptase - polymerase chain reacti on
Abbreviati ons
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SDS(-PAGE) Sodium dodecylsulphate (polyacrylamide gel electrophoresis)
SEM Standard error of the mean
SNARE Soluble N-ethylmaleimide-sensiti ve factor att achment protein  
 receptor
SP Signal pepti de
TFA Trifl uoroaceti c acid
TGN trans-Golgi network
TM Transmembrane (domain)
tmcs Transgenic melanotrope cells
TMED Transmembrane emp24 protein transport domain containing  
 (protein)
UPR Unfolded protein response
V-ATPase Vacuolar-ATPase
VSV-G Vesicular stomati ti s virus G protein
VTC Vesicular-tubular cluster
WA White-adapted
wt Wild-type
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Chapter 2 - Supplementary Figure S3A. Alignment and phylogeneti c analysis of vertebrate 
p24 proteins of the four p24 subfamilies
Multi ple alignments of the protein sequences (provided as Supplementary Material) of each 
of the four invertebrate p24 subfamilies were performed (A) and bootstrapped midpoint-
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γ
rooted phylogeneti c trees were constructed (B; printed on page 31). Annotati ons are as in 
Supplementary Figure S1, except that the colouring threshold was set to 50%. Species names 
are abbreviated as in Figure 1.
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Chapter 3 - Figure 1. Generati on of Xenopus with transgene expression of 
p24α3 or p24δ2 specifi cally in the melanotrope cells
A and B, Schemati c representati on of the linear injecti on fragments pPOMC-
p243-GFP (A) and pPOMC-p242-GFP (B) containing a Xenopus POMC gene 
promoter fragment (pPOMC) and the protein-coding sequence of p243-GFP 
(transgenic lines #605, #55 and #602) or p242-GFP (lines #125, #115, #124 and 
#224); pPOMC drives transgene expression specifi cally to the melanotrope cells. 
C, Pituitary-specifi c GFP-fl uorescence (arrows) in living tadpoles transgenic for 
p243 (line #55) or p242 (line #224); G, gut; E, eye; N, nose. D, Fluorescence 
in the intermediate lobe (IL) and not in the anterior lobe (AL) of the pituitary of 
adult frogs transgenic for p243 (#55) or p242 (#224).
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Chapter 4 - Figure 1. Generati on of Xenopus with transgene expression of 
p24β1 or p24γ3 specifi cally in the melanotrope cells
A and B, Schemati c depicti on of the injecti on fragments pPOMC-p241-GFP 
(A) and pPOMC-p243-GFP (B) that include a Xenopus POMC gene promoter 
fragment (pPOMC) and the protein-coding sequence of p241-GFP and p243-
GFP respecti vely; pPOMC drives transgene expression specifi cally to the 
melanotrope cells. C, GFP-fl uorescence specifi c in the pituitary (arrows) of 
living tadpoles transgenic for p241 (line #240) or p243 (line #222); E, eye; 
G, gut; N, nose. D, Fluorescence in the intermediate lobe (IL) but not in the 
anterior lobe (AL) of the pituitary of adult frogs transgenic for p241 (line #240) 
or p243 (line #222). E, Sagitt al cryosecti ons through the brain and pituitary 
of adult frogs transgenic for p241 (line #240) or p243 (line #222) show GFP-
fl uorescence only in the IL but not in the AL of the pituitary. POMC is detected 
with a primary anti body recognising only the 37K prohormone and a Texas red-
conjugated secondary anti body. POMC is most prevalent in the melanotrope 
cells of the IL, but also weakly expressed in the corti cotrope cells of the AL. 
Note that the corti cotrope cells do not show GFP fl uorescence. The bars equal 
100 m.
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Chapter 5 - Supplementary Figure S1. Generati on of Xenopus with transgene 
expression of p24γ2 or p24δ1 specifi cally in the melanotrope cells of the 
intermediate pituitary
A, GFP-fl uorescence specifi c in the pituitary (arrows) of living tadpoles 
transgenic for p242 (line #25) or p241 (line #252); E, eye; G, gut; N, nose. B, 
Sagitt al cryosecti ons through the brain and pituitary of adult frogs transgenic 
for p242 (line #25) or p241 (line #252) show GFP-fl uorescence only in the IL 
but not in the AL of the pituitary. POMC is detected with a primary anti body 
recognising only the 37K prohormone and a texas red-conjugated secondary 
anti body. POMC is most prevalent in the melanotrope cells of the IL, but 
also present in the corti cotrope cells of the AL. Because of the melanotrope 
cell-specifi c transgene acti vity of the POMC gene promoter fragment, the 
corti cotrope cells do not show GFP fl uorescence. The bars equal 100 m.
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Chapter 6 - Supplementary Figure S1. Generati on of Xenopus laevis with 
transgene expression of p24δ2 FF/AA or p24 δ2 KK/SS specifi cally in the 
intermediate pituitary melanotrope cells
A, Pituitary-specifi c GFP-fl uorescence (arrows) in living tadpoles transgenic for 
p242 FF/AA-GFP (FF; line #226) or p242 KK/SS-GFP (KK; line #241); G, gut; 
E, eye; N, nose. B, Sagitt al cryosecti ons through the brain and pituitary of 
adult frogs transgenic for p242 FF/AA-GFP (FF; line #226) or p242 KK/SS-GFP 
(KK; line #241) show GFP-fl uorescence only in the IL but not in the AL of the 
pituitary. POMC is detected with a primary anti body recognising only the 37K 
prohormone and a Texas red-conjugated secondary anti body. The bars equal 
100 m.
Chapter 8 - Figure 2. The p24 furnishing model 
A, Schemati c depicti on of the p24 furnishing model presented in this thesis and based on the 
results of the p24 transgenesis studies in Xenopus melanotrope cells. POMC is transported 
by bulk fl ow. Each p24 protein is responsible for the supply of a specifi c subset of machinery 
proteins (black arrows) to the bulk fl ow structure to allow an eﬃ  cient and correct transport 
and processing of POMC (coloured arrows). B, Schemati c representati on of the molecular 
mechanism by which p24 proteins supply the machinery required for POMC transport and 
processing. The p24 proteins are involved in the disti nct (vesicular) transport steps in between 
the various subcompartments of the early secretory pathway (black arrows) to ensure the 
selecti ve and proper targeti ng of machinery that is needed for the eﬃ  cient and correct 
transport and processing of POMC (grey arrow).
